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Since over 60 years release liner are used as a functional support for die cutting or as a delivery sys-
tem for pressure sensitive adhesive (PSA), such as tapes or labels. The most used release material is
based on polydimethylsiloxane (PDMS) due to its unique low-adhesion properties.[1,2] The release liner
is produced from a substrate carrying a smooth and non-porous surface. In particular, a simple foil
(polypropylene) or a clay-coated-Kraft (CCK) paper is used as release liner substrate (Figure 1). In case
of CCK paper, hexagonal-shaped clay pigments from the group of the kaolinite, having the chemical com-
position of Al2Si2O5(OH)4, are usually used for this purpose.
[3] The clay-coating is a complex mixture,
consisting of various additives like binder, crosslinker and viscosity modiﬁer. The porous paper surface
is closed by the clay-pigments, which act as a barrier coating against the penetration of liquids.[4,5] The
same principal is applied for silicone coatings in order to generate a homogeneous coating on the paper
surface and to reduce silicone consumption. A thin silicone layer (1 g/m² or 1 µm) is applied on the
substrate by a multiple roller coater and the coating is ﬁnally cured by UV light or heat.[2,6,7] Typically, a
solvent-free silicone system is used as a release coating, which is cured and crosslinked by hydrosilylation
reaction of vinyl groups of the silicone backbone with appropriate silane groups of the crosslinker.[8–11]
Beside this, there exist also silicone systems on the base of aqueous emulsions or organic solvents. The
silicone can undergo condensation reactions with hydroxyl groups, coming from the cellulose or from
coating additives in the clay-coating, during storage. Hence, the anchorage of the silicone coating to the
paper surface is improved by this post-curing process, which is accompanied with a good rub-off.[7,12–14]
In a second step, the adhesive is coated on top of the silicone layer and additional substrate (Face-stock)
is applied on the adhesive to get the adhesive tape. The release liner protects the adhesive against
contamination and enables an easy release without impairing the adhesive performance. The release
force have to be adjusted depending on the ﬁnal application. Low release forces are required in label
industry, whereas high release forces are needed in sealants for rooﬁngs or in graphic arts on foils for
car wrapping.[1,15] The release forces can be tailored by the addition of silicone resins.[16] The release
of an adhesive tape from a release liner is a complex process and depends on several parameters, such
as on the type of adhesive, the release liner substrate, the silicone formulation, the coating process and
on the peel-off process.[17] In a next part, a closer look will be placed on the adhesion in general and on
adhesion of PSA on silicone release liner.
Figure 1: Layer structure of a release liner for the transportation of an adhesive tape.
1
1.1.1 Adhesion of a PSA
Adhesion between two substrates originates from interfacial forces, such as van der Waals, interdiffusion
of polymer chains or chemical bonds. The adhesion force is mainly governed by the topography, surface
energy and material properties.[18–20] The PSA is usually above its glass transition temperature (Tg)
and it has got a viscoelastic behavior. Viscoelastic materials behave as a viscous liquid or as a elastic
solid depending on the shear rate, time and temperature.[21,22] The adhesive is permanent tacky and
it should possess a good cohesive strength in order to prevent adhesive failures. The thermodynamic
work of adhesion is given by the Dupre equation and it focuses on fundamental adhesion between atoms
in the interphase of two materials (Equation 1.1). This equation contains the surface energy of the
solid and of the liquid with the vapour phase (γSV or γLV ) and the interfacial energy (γSL) between the
solid and liquid (Figure 2). As only γLV can be determined with sufﬁcient accuracy by contact angle
measurements, the Young equation (Equation 1.2) is used in order to calculate the thermodynamic work
of adhesion.[23] Incorporation of the Dupre equation into the the Young equation gives the Young-Dupre
equation (Equation 1.3), which directly correlates the contact angle (θ) and the liquid-vapour interfacial
energy (γLV ) to the thermodynamic work of adhesion.
[19,23] If the contact angle is zero, the surface is
fully wetted and the work of adhesion has its maximum value.
Figure 2: Contact angle measurement for the determination of the thermodynamic work of adhesion.
WA = γSV + γLV − γSL (1.1)
γLV cosθ = γSV − γSL (1.2)
WA = γLV (1+ cosθ ) (1.3)
Nevertheless, this equation is only valid with the assumptions that the adhesion process is reversible
and does not dissipate energy, which is not true for a real case (Practical adhesion). During break of
the bonding, energy is dissipated in several ways such as deformation, viscoelastic ﬂow and heating of
the adhesive. Thus, the practical adhesion is signiﬁcant higher compared to the thermodynamic work
of adhesion considering just surface energies.[18,19] For example, the surface adhesion of a liquid, which
only interacts with the surface by van der Waals forces, is about 0.1 J/m², whereas fracture energies from
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100 up to 1000 J/m² were measured for adhesives.[20] This shows that the debonding process and the
creation of new interfaces are not the only parameters affecting the adhesion force.
In general, the interactions between two substrates are described not by one, but many different theories
of adhesion (Figure 3). In the diffusion theory, the chain interdiffusion of the polymer chains in the inter-
phase between two polymers is described, which contributes to the adhesion. Chain diffusion preferably
arises in the interphase of two compatible materials having similar surface energy. The chains have to be
mobile and not locked in a crosslinked network. Low molecular additives from the PSA, like tackiﬁers or
surfactants, may migrate to the PSA/substrate-interphase and may also inﬂuence the adhesion.[1,21]
Figure 3: Schematic representation of adhesion mechanisms.
Beside this theory, the mechanical interlocking theory describes the inﬂuence of the surface roughness
and surface porosity on the adhesion. Depending on the scale of roughness or the pore radius and
the viscoelastic property of the adhesive, the adhesion can be decreased or increased compared to a
smooth surface. For example, penetration of the adhesive into a microstructure increases the contact
area and thus the surface interaction as well as the energy dissipation during peel-off. For this process,
the viscosity of the adhesive has to be low enough in order to migrate into the cavities of the substrate.
If the adhesive is not able to ﬂow into the pores, the contact area is reduced and this results to lower
adhesion.[1,21,24]
In adsorption theory (or wettability theory), the substrate has to be completely wetted by the viscoelastic
adhesive in order to maximize the interfacial interactions and to guarantee good adhesion. The adhesive
properties have to be tailored for an effective spreading of the adhesive. The wetting of a surface
in general is inﬂuenced by the surface energy of the substrate and the surface tension of the liquid.
Good adhesion and wetting are obtained, if the surface energy of the adhesive is smaller compared to
the surface energy of the substrate.[1,22] Consequently, the substrate should have a low surface energy
in comparison to the PSA (30-40 mN/m) in order to reduce the wetting of the surface. Additionally,
strong physical interactions like hydrogen bonds have to be prevented to obtain low release forces.[21,25].
Silicone is the most prominent polymeric material for low adhesion applications, having a bulk surface
energy of 22 mN/m. However, a low bulk surface energy is not the only prerequisite for low release
properties. Fluorochemical release coatings should posses the lowest release forces due to a very low
surface energy (< 20 mN/m), but this was not observed in experiments.[13,21,26]
3
1.1.2 Release mechanism of a PSA from different substrates
The release of an PSA from a substrate is a complex process and it depends on several parameters such
as PSA rheology, chemical composition, surface energy, chemical and physical interactions as well as
on the test method.[27] In general, it was found that the adhesion of a PSA is reduced with decreasing
surface energy of the substrate, but this is not true for all cases.[21] The release of a PSA from different
substrates and the understanding of the adhesion is subject to many publications.[27–30] For example,
the mechanical behavior of an PSA, composed of an acrylic-styrene-copolymer, during peel test from a
steel plate in an angle of 90° was investigated.[27] The formation of ﬁbrils were observed during peel-off
in the bending zone, which is explained by energy dissipation processes. The elongation of the ﬁbrils
depends on the chemical composition and the tack of the adhesive. Most fracture energy was dissipated
in the region where the ﬁbrils elongation was maximum (Figure 4). Additionally, the authors found out
that the fracture energy raises linearly with increasing contact area.
Figure 4: The image was recorded by a CCD-camera and it shows the development and elongation of
ﬁbrils of the adhesive in the fracture zone during 90°-peel-off from a steel plate. Figure reproduced
with permission from reference.[27]
In another publication, the inﬂuence of the substrate surface energy and the roughness on the tack of
an acrylic PSA was studied.[30] The surface energy mainly governed the tack properties of the PSA. The
higher the difference in surface energy between the substrate and the PSA, the better is the tack. In
addition, the viscoelastic property of the adhesive inﬂuences the peel-off force. A more viscous PSA dis-
sipates more energy and this leads to higher peel force compared to a more elastic one. The adhesive is
deformed at the fracture zone and the energy which is required for this process, is consumed and dissi-
pated when the crack propagates.[20] The viscoelastic property of the adhesive is changed by addition of
crosslinker and measured by the shear storage modulus (G‘) at low frequencies. This gives information
about the cohesive strength of the adhesive. The storage modulus of the adhesive was increased by the
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addition of crosslinker. Consequently, the tack decreases with increasing amount of crosslinker, because
of less deformation of the adhesive. The adhesion force on smooth (Ra = 0.2 µm) and rough substrates
(Ra = 3.3 µm) is also controlled by the viscoelastic behavior of the adhesive. In general, the adhesion
force on the rough substrate was higher compared to the smooth surface. The adhesive is able to creep
into the cavities of the surface at low concentrations of crosslinker. The contact area is larger compared
to the smooth surface and adhesion is enhanced. In contrast to this, at higher crosslinker content, the
adhesive does not penetrate into the cavities, the contact area is smaller compared to the rough surface
which results in lower adhesion forces. Beside the viscoelstatic properties, adhesion is also affected by
the PSA thickness.
The adhesion and the performance of a PSA is usually tested by peel-off experiments from a steel plate,
but adhesion of PSA on a porous substrate like paper is different. Thus, the inﬂuence of paper properties
on the peeling behavior of a PSA on a porous paper was investigated.[31–33] Three different fractures can
occur during peel-off: The PSA can be removed from the paper surface by a paper failure, a cohesive
failure of the adhesive or an interfacial failure. The interfacial failure is the ideal peel behavior in which
the PSA is completely removed from the paper surface without destroying the paper or the adhesive.
Interfacial failure is typically observed at low peel rate (100 mm/min), whereas paper rupture was observed
at high peel rate (400 mm/min) (Figure 5).[33]
Figure 5: Peel curves of a PSA from a newsprint paper at peel rates of 100 mm/min and 400 mm/min.
Figure reproduced with permission from reference.[33]
Silicone release coatings are used in order to reduce the adhesion to the substrate and to maintain the
adhesive performance. The unique low adhesion properties of the silicone cannot only deduced to a low
surface energy. Comparing crosslinked PDMS with ﬂuorinated release coatings the surface energy of the
latter one is lower, but release forces are higher. Thus, release mechanism on silicone and ﬂuorinated
substrate was investigated in detail.[34,35] Fluorescent particles were introduced into the PSA bulk and
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the adhesive/silicone interface and the displacement of the particles during peel-off was analyzed (Figure
6). It was found that the particles in the adhesive on the PDMS surface were moved up to 13 µm, whereas
the particles on the ﬂuorinated substrate were shifted by just 1-2 µm. This observation demonstrates a
slip motion of the adhesive on the PDMS substrate during crack propagation, which supports the low
release property. This interfacial slippage minimizes the shear deformation of the adhesive as well as
the release force. Additionally, the force-dissipative character of the crosslinked PDMS also reduces the
adhesion. Minor slippage on the ﬂuorinated surface leads to higher shear deformation of the adhesive
as well as more energy dissipation by friction, which leads to higher release forces. This shows that
the unique low release property of the silicone is governed by interfacial slippage of the adhesive, which
allows the shear stress to relax.[34,35] For a appropriate release, the adhesive of the PSA has to sufﬁciently
stick to its facestock and the cohesive strength of the adhesive should sustain the peel forces. Additionally,
the mechanical stability of the silicone coating and thus the rub-off has to be good so that the silicone is
not removed by the adhesive during peel-off.[19,21]
Figure 6: Motion of ﬂuorescent particles in the bulk (black) of the adhesive and at the adhesive/sil-
icone interface (white) on PDMS (◦) and ﬂuorocarbon () substrate during peel-off. Figure repro-
duced with permission from reference.[34] Copyright (1997) American Chemical Society.
Depending on the application, the release forces have to be tailored by addition of high release additives
(HRA). Most times silicate resins are incorporated into silicone release coatings in order to increase the
release forces. In one study, an acrylic and a rubber-based adhesive were peeled-off from a siliconized
paper substrate with different amounts of HRA.[36] It was found that the more HRA is added to the
silicone formulation, the higher were the corresponding release forces. In order to understand this
phenomena, the viscoelastic properties of the adhesive and of the cured silicone were determined in
terms of the shear storage modulus (G′), loss modulus (G′′) and loss tangent (tanδ = G′′/G′), which
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describes the relationship between stored energy and dissipated energy during deformation. It was
found that higher amounts of HRA increase the loss modulus G′′ and thus tanδ of the release coating to
more extent than the storage modulus G′. This means that the coating behaves more inelastic (viscous)
and the silicone coating dissipates more energy during peel-off with raising amounts of HRA, leading
to higher release forces. In addition to the silicone coating, the viscoelastic properties at different peel
rates also affecting the release forces. The release forces of the acrylic tape were increased with higher
peel rates, whereas the opposite was observed for the rubber adhesive. In both cases, the highest release
forces were detected in the glass-rubber transition of the adhesive, where the loss modulus exceeds the
storage modulus. It was found that the loss tangent correlates well with the release forces at different
peel rates.[36] It was shown that low amounts of resin resulted in high slip and low shear deformation
of the adhesive, leading to low release forces (Figure 7).
Figure 7: Displacement of ﬂuorescent particles in the bulk (open symbols) and in the adhesive/sili-
cone interface (solid symbols) during peel-off with different amounts of resin. The displacement of
the particles (u) is plotted as a function of the distance (Vt) of the ﬂuorescent particle from the peel
front. Figure reproduced with permission from reference.[16] Copyright (2001) American Chemical
Society.
The inﬂuence of HRA in silicone formulations on the interfacial slippage of an adhesive tape was studied
in detail by determination of particle displacement in the adhesive/silicone interface.[16] In contrast to
this, slip is reduced at higher amounts of resin and the adhesive deformed to more extent. Thus, more
energy is dissipated during the peel process, which leads to higher release forces. Energy dissipation is
possible in the fracture zone in the crack tip as well as in a region far away from the fracture tip. This
dissipation process is either governed by shear deformation of the adhesive when resin was added to the
silicone or by interfacial friction due to slip motion without any resin. The resins affect the viscoelastic
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properties of the bulk, the interaction between the adhesive and silicone, and the amount of interfacial
slip. Controlling the interfacial slip seems to be the key point in order to adjust peel forces of release
systems.[16]
In summary, in high "adhesion systems", the surface energy of the substrate (e.g. glass or metal plate)
is higher compared to the adhesive, the peel force as well as the deformation of the adhesive during
peel-off are high and the adhesive bond brakes primary due to a cohesive failure (Table 1). In contrast to
this, the surface energy of the substrate in a "release system" is lower compared to the adhesive. The peel
force as well as the deformation of the adhesive during peel-off are low and the adhesive bond brakes
primary due to an adhesive failure.[36]
Table 1: Comparison of peel system with a release system.[36]
Parameter Adhesion system Release system
Peel force High Low
Deformation High Low
Failure mode Cohesive/Adhesive/Mixed failure Adhesive
Surface energy δsubst rate > δadhesiv e δadhesiv e > δsubst rate
1.1.3 Silicone-free release liner
Silicone is the most widely used material for release coatings due to its unique properties and avail-
ability. Nevertheless, recyclability of silicone release papers is not trivial due to separation issues of the
silicone contaminations from the pulp and strong acidic conditions. Additionally, silicone coatings con-
tain unreacted silicone extractables, which are not desired for certain applications. The extractables can
migrate to the backside of the release liner and this lead to printing issues.[37] Thus, in some research ap-
proaches the silicone was replaced by bio-based release coatings in order to produce sustainable release
liner.[38–43] Additionally, an expensive platinum catalyst is required for curing reactions of the silicone
and unreacted silicone chains can be transferred to the adhesive impairing its performance. Thus, there
is a growing interest to replace the silicone by silicone-free alternatives (Figure 8).[44–49]
In one patent, a silicone-free release coating was synthesized from polyethylene. Different densities
of the polyethylene were produced by using metallocene catalyst, whereas higher densities are related
to higher crystallinity. It was found that the release forces were raised with increasing densities. The
polymer was applied on the substrate at a ﬁlm thickness of 0.1 to 0.15 mm, which is 100-fold higher
compared to silicone release coatings (1 µm). Release forces of approximately 1 N/25 mm were mea-
sured.[44] This coating can be used as release coating for PSA, but a signiﬁcant higher amount of coating
is required, which is not sustainable.
Another invention describes the production of a synthetic release coating on the base of polyacrylate or
a polyacrylate-copolymer.[46] The material was applied on the paper in a thickness of 3-10 µm by blade
coating and the resulting release forces ranged from 2-4 N/50 mm. The coating thickness and the release
forces were signiﬁcantly higher compared to silicone-based release coatings, but still practical for some
high release applications. However, this coating does not improve the recyclabilityof the release liner,
which is not sustainable.
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Figure 8: Chemical structure of synthetic silicone-free release coatings as reported in recent litera-
ture.[45–49]
Silicone-free release liners were also produced by direct modiﬁcation of the substrate surface by using
atmospheric pressure plasma.[49] The substrate was exposed to the plasma and an aerosol composed of
a polymerizeable precursor, preferably acrylates. Active species, such as radicals or ions, evolved on the
surface during plasma treatment and reacted with the added monomer. The release layer was ﬁnally
cured by heat or UV light. Depending on the monomer, release forces of 2-3 N/25 mm were obtained.
In addition to the already mentioned release coatings, low adhesion coatings can be also composed of
polyester or ﬂuorocarbons, but the release forces of polyester were high and just limited applicable.
In case of ﬂuorocarbons, the costs were high and the environmental impact makes this system less
appropriate for release liner.[49,50]
In addition to the silicone-free and synthetic release coatings, there is an increasing demand to introduce
biogenic and biodegradable release coatings for a better sustainability. Phosphate esters were introduced
as a new material for release applications. The phosphate ester were synthesized by the reaction of 1-












Scheme 1: Synthesis of phosphate esters. Figure reproduced from reference.[42]
The alkyl chains provide a hydrophobic character and a low surface energy, which is one requirement for
a release coating. Additionally, the free hydroxy groups of the esters are supposed to undergo a thermal
reaction with the hydroxy groups of the paper surface, which may lead to a stable anchorage to the paper
surface. The phosphate ester were applied on a paper, which was previously coated by 10 g/m² of a PVA
pre-coating. Release forces of approximately 0.5 N/25 mm were obtained, which is comparable to silicone
release coatings. Nevertheless, a mass transfer of the release coating to the adhesive was observed likely
due to a poor anchorage of the esters to the paper surface. This is not desired for release liner, because
the esters on the adhesive tape may impair the adhesive performance. It is questionable whether the low
release forces originate from the phosphate ester coating or from the undesired delamination process
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of the coating from the paper surface, i.e. low adhesion between coating and PVA-pre-coating. The
anchorage of the phosphate esters has to be studied in detail and improved by introducing covalent
bonds in order to prevent mass transfer to the adhesive tape.[42]
In another approach, poly(vinyl N-alkyl carbamates) were used as release coatings.[39–41] Partially hy-
drolyzed poly(vinyl acetate) was reacted with decyl isocyanate and octadecyl isocyanate yielding poly-
carbamates with different alkyl side chains (Figure 9). The hydrophobic alkyl chains were exposed to
the surface, shielding the inner-lying polar groups, and providing low surface energy. This is important





yx n = 9, 17
Figure 9: Chemical structure of polycarbamate release coating. Figure reproduced with permission
from reference.[41]
Adhesion forces of a PSA containing acrylic acid moiety were determined by measuring the pull-off forces
from the polycarbamate release coatings. It was found that the release forces of the acid-containing PSA
was higher than compared to the reference PSA without any acid groups. The introduction of acrylic
acid moieties to the PSA increases the interfacial energy with the release coating as well as the adhesion
energy as a function of the contact time. Upon contact of the acidic PSA with the release coating, the
polymer chains of the polycarbamates rearrange in the interface and the adhesion is enhanced. This
rearrangement is driven by energetically favorable acid-base interaction between basic urethane groups
from the polycarbamate with the acrylic acid groups from the PSA. The segmental mobility of the polymer
chains has to be high enough to enable the restructuring process. The attractive force of the acidic
PSA was higher at the polydecylcarbamate than the polyoctadecylcarbamate because the crystallinity of
the latter one is higher, and chain mobility is reduced. Heating of the polyoctadecylcarbamate above
the melting point increases chain mobility and attractive forces due to the restructuring process in the
PSA/polycarbamate interface. Thus, for stable adhesion forces, the segmental mobility within the release
coating has to kept low in order to preserve the surface structure. This can be obtained by introducing
crosslinks as in silicone coatings or by using polymers with long alkyl side chains. It was found that the
length of the alkyl side chains in the release coating has to be between 10 and 16 methylene groups in
order to prevent polar interactions with the PSA.[39–41]
Long alkyl side chains were also introduced by reacting polyvinyl alcohol with stearic acid chloride.[38]
The resulting polyester showed low adhesion towards PSA, but this property disappeared when heating
the release coating above the melting temperature. This is most likely due to restructuring of the release
coating as mentioned above.
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In another invention, the paper surface was directly grafted by a steam of stearic acid chloride at elevated
temperature (150-180 °C) (Scheme 2).[43,51–53] This modiﬁcation process is known as "chromatogeny"
and yielded a hydrophobic surface, which can be used as a water barrier as well as for a silicone-free
release coating. For the application as a release coating, the porous paper surface is ﬁrst closed by a PVA-
precoating and then grafted with stearic acid chloride. Release forces of approximately 6 N/25 mm were
obtained. Additionally, the recyclability of the grafted papers was still acceptable. Nevertheless, several
side reaction occured during the modiﬁcation step and only 15 to 28 % of the stearic acid chloride re-
acted with the paper surface depending on the paper substrate. Moreover, huge amounts of hydrochloric
acid arise during the reactions and this can lead to corrosion of metal parts in the coating machine. The
handling of the acid environment is still challenging and the papers have to be puriﬁed from unreacted
by-products and hydrochloric acid.
Scheme 2: Surface hydrophobization of hydroxy groups from the paper surface by the reaction with
an aerosol of stearic acid chloride under release of hydrochloric acid.
The challenges of a poor grafting efﬁciency and high amounts of hydrochloric acid may be solved by
modiﬁcation of a bio-based polymer with stearic acid chloride and subsequent coating on the paper sur-
face. It was already shown that hydroxy propyl cellulose (HPC) can be modiﬁed with different fatty acid
chlorides and with precise tailoring the degree of substitution (DS).[54] Such materials were preferably
used as a nanoparticle suspension in order to produce superhydrophobic surfaces, but they have yet not
been used as a release coating.
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1.2 Barrier coatings for paper substrates
Cellulose ﬁbers are the main material used in packaging industry or for release liner applications due to
its mechanical strength, ﬂexibility and good recyclability. Nevertheless, paper exhibits a porous structure
and suffers from poor barrier properties against water, water vapor, grease or oxygen (Figure 10). The
paper must be treated by a surface coating or laminated with a plastic foil in order to provide barrier
properties. This is important in order to protect the food product from contamination and to ensure high
quality over time or prevent penetration of the surface coating (printing ink or release coating) into the
paper.[55,56]
Figure 10: SEM images (topview) of the porous surface structure of paper at different magniﬁcations.
1.2.1 Pigment-coated barrier coatings
Pigments like clay or calcium carbonate were used in combination with a binder as a mechanical barrier
coating against penetration of liquids and in order to improve brightness, gloss and opacity. The paper
pores were ﬁlled by the pigments, the surface is smoothed and penetration of liquids into the paper
is reduced.[57] In one publication, the barrier properties of kaolin pigments, having different size and
shape, against liquids, such as water and organic solvents, were tested in combination with different
latex binders.[4,58] It was found that the barrier properties of highly aligned, thin platy kaolin were
better compared to thick, ﬁne kaolin. The platy kaolin particles posses a higher aspect ratio compared to
particles of shapes such as spheres or cubes. The aspect ratio is deﬁned as the particle diameter divided
by the particle thickness. The barrier properties were improved by the platy shape of the particles because
the pathway for the liquid to migrate is increased (Figure 11).
Figure 11: Schematic illustration of the inﬂuence of kaolin particle shape on barrier properties against
liquids. The pathway for the liquid is longer for platy kaolin compared to ﬁne kaolin resulting in better
barrier properties. Figure redrawn from literature.[4]
It was found that the barrier properties were more governed by a high aspect ratio and by the orientation
of the particles than by the particle size distribution. Large ﬂakes with high aspect ratios were most
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suitable for good barrier properties than small ﬂakes with low aspect ratios. The barrier properties of
platy kaolin were supported by addition of a latex binder, whereas best results were obtained for the
ethylene acrylic latex. Other binders like styrene acrylate or styrene butadiene latex can also be used,
but in case of coatings with organic solvents, the binder was dissolved and the barrier properties were
reduced.[4,58]
The platy particle structure was also used as a barrier coating for silicone formulations. The hyperplaty
talc particles, having an aspect ratio from about 60 to about 100, were mixed with a carboxylated styrene
butadiene latex binder and coated on the paper substrate (Coat weight: 10 g/m²). The paper pores were
closed and the surface porosity was decreased. This led to a reduced silicone penetration into the paper
and more silicone remained on the surface. Thus, less silicone (0.5 – 1.5 g/m²) was overall required for
desired release performance. In addition, this coating formulation showed a better cure and anchorage
of the silicone coating compared to common clay-barrier coatings.[59]
The barrier properties can be further improved by addition of ﬁlm-forming polymers to the pigments. In
particular, waterglass, a substance composed of sodium and potassium silicates, was mixed with 30 wt%
of ﬁlm-forming polymers and coated on the paper substrate. The ﬁlm-forming polymers were composed
of polyvinyl alcohol and carboxymethyl cellulose. The pigment-coating was applied on the paper sub-
strate (3.0 g/m²) followed by the silicone coating (0.5 – 0.9 g/m²) in order to produce the release liner.
The ﬁlm-forming polymers close small pores and this supports the barrier against silicone. Additionally,
the silicone anchorage to the paper surface was improved. According to this method, small amount of a
mixture consisting of water glass and ﬁlm-forming polymers were used to reduce silicone consumption
and at the same time maintaining the release performance.[60] The pigments acting as a ﬁller and they
support the sealing of the paper surface, but it has to be mentioned that the pigment coating is a complex
mixture and those papers are cost-intensive.
1.2.2 Petrochemical polymers as barrier coatings
Beside mixtures of pigments and polymers, pure synthetic polymers were also used as barrier coatings.
These barrier coatings can be composed of polypropylene, PVA or PVA which was co-polymerized with
ethene providing a higher hydrophobicity.[55,61,62]
In one publication, the inﬂuence of corona treatment and hot calendering of the paper substrate on the
barrier properties was studied. The surface energy of the paper substrate was increased by corona treat-
ment of the cellulose ﬁbers. This led to an improved wetting of the PVA-coating as well as to improved
barrier properties. Additionally, barrier properties were further enhanced by hot calendering of the paper
prior to coating. The paper was smoothed by the calendering process and this led to an improved spread-
ing of the polymer solution and a better coating homogeneity.[62] Pure polymeric barrier coatings were
most times applied on densiﬁed glassine papers. The ﬁbers of these papers are highly reﬁned and the
paper is typically highly calendered, leading to a dense and smooth surface. The protruding microﬁbrils
of the cellulose macroﬁbers increase the surface area and acting as a barrier against the migration of the
polymer coating.[63,64] In order to enhance the anchorage of the silicone layer to the polymer-coated pa-
pers, PVA was modiﬁed by vinylic side chains, which can undergo covalent bonding with the solvent-free
silicone system. The terminal vinylic functionality was initially introduced by the grafting-reaction of the
hydroxy groups from PVA with acide chlorides of the vinylic organic molecule. This procedure was less
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appropriate for industrial applications because organic solvents were used. Typical surface coatings in
paper industry are applied as aqueous dispersion. Water is not compatible with acid chlorides because
they undergo hydrolysis reactions, reducing the reactivity and high amounts of hydrochloric acid arise.
Thus, in another approach, this modiﬁcation step was performed by using a molecule with a vinyl func-
tionality on the one side and an aldehyde functionality on the other side. The unsaturated aldheyde was
covalently attached to the PVA by formation of an acetal. The vinylic functionality can then be used for
catalyzed crosslinking reactions with silicones containing silane groups (Figure 12). This barrier coating
prevented the penetration of the silicone into the paper and enabled fast curing and enhanced anchorage
of the silicone to the paper surface, especially at low curing temperatures from 60 – 100 °C.[65]
Figure 12: Covalent attachment of the silicone coating to the paper surface via the catalyzed addition
reaction of silane groups with vinylic functionality of the modiﬁed PVA.
Nevertheless, the formation of acetals is a reversible reaction and the covalent bonding can be broken.
Thus, in one invention vinylacetate was co-polymerized with a divinyl ether and the acetate groups were
hydrolyzed by sodium hydroxide to receive the PVA. According to this procedure, the vinyl component
was irreversibly attached to the PVA-backbone and silane-containing silicones can be covalently attached
to the modiﬁed PVA-precoating.[66]
1.2.3 Biodegradable polymers as barrier coatings
Many petrochemical materials are being used in barrier coatings due to good availability and low price.
However, these polymers suffer from a poor recyclability and they are not biodegradable. Hence, there
is an increasing interest in replacing the petrochemical polymers by bio-based and recyclable materials
from natural sources.[55,67]
Several biodegradable polymers such as starch, carboxymethyl cellulose (CMC) or polylactic acid (PLA)
have been used as barrier coatings.[68,69] Most of them are hydrophilic and the barrier properties also
depend on the humidity. Additionally, challenges occurred during industrial processing of these polymer
coatings due to their crystallization behavior and brittleness. For example, starch is typically utilized
as a surface sizing agent for paper substrates, but it has poor ﬁlm-forming properties and it is brittle.
The ﬁlm-forming properties of starch have to be improved by addition of plasticizer, blending with other
biopolymers or by chemical modiﬁcation. Even after the modiﬁcation step, the barrier properties of
starch were still poor due to formation of cracks in the coating, i.e. non-homogeneous ﬁlm formation.
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Polylactic acid (PLA) is a synthetic, thermoplastic polymer, which is typically synthesized by catalytic
ring-opening polymerization of lactic acid dimers (Scheme 3).[70] Nevertheless, this polymer is a com-
postable and renewable biopolymer, because the base materials is obtained from the fermentation pro-
cess of corn or potato. Additionally, it possesses excellent mechanical and physical properties and can be
processed by extrusion coating. The ﬁlm-forming properties can be tailored by varying the ratio between
D- and L-lactic acid in the polymer. The L-PLA increases the crystallinity, whereas the D-PLA improves
the ﬁlm-forming ability due to a higher amount of amorphous structures. PLA has a hydrophobic char-
acter and can be used as barrier coating against water. This polymer has a high potential for replacing
commonly used petrochemical barrier coatings such as PE due to its low costs and good mechanical
properties. However, PLA suffers from a low thermal stability and has to be stabilized by addition of


















Scheme 3: Synthesis of poly(lactic acid) via a catalyzed ring-opening polymerization of lactic acid
dimers. Figure redrawn from literature.[70]
Beside the usage of chemically modiﬁed cellulose derivatives, cellulose nanocrystals (CNC) were applied
on the paper as barrier coatings.[72] The CNC were obtained by acid hydrolysis of wood and the rod-
like shape structure carry a thickness of about 5 nm and a length of about 100 nm depending on the
source. The amorphous part is removed and cellulose nanocrystals were isolated after soniﬁcation of the
mixture. Multiple layers of CNC were coated on the paper by using the bar coater in order to improve the
barrier properties (Figure 13). The paper pores were reduced with increasing coat weight and they were
completely closed after the fourth coating cycle at a coat weight of 2.6 g/m². The brittle CNC-coating was
reinforced by addition of 20 wt% polyethylene glycol, which further improved the barrier properties of
the paper. Nevertheless, due to its low availability and complex production process, CNC is too expensive
for large scale applications.[72]
Figure 13: Surface SEM images of the base paper (a) and paper samples after x1 (b, 0.1 g/m²), x4
(c, 2.6 g/m²), x8 (d, 4.6 g/m²) coating with a 10 wt% suspension of CNC. Figure reproduced with
permission from reference.[72]
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As a similar biogenic coating, micro-ﬁbrillated cellulose (MFC) was applied to the paper to improve the
mechanical properties as well as the barrier properties.[73–75] MFC has got a broader size distribution
compared to cellulose nanocrystals and a higher ﬁbril diameter. Additionally, the MFC possesses a high
aspect ratio with a diameter in the range of 10 – 50 nm and a length of several micrometers (Figure 14).
The MFC was coated in several coating cycles on paper in order to obtain sufﬁcient coat weight by using
the size press and the bar coater. The coating homogeneity as well as the barrier properties of the paper
were signiﬁcantly higher when applying the MFC by the bar coater instead of size press. The water-based
MFC suspension penetrated into the paper when using the size press, whereas the coating suspension
stayed on the paper surface to more extent when using the bar coater. The mechanical properties of the
paper were strengthened and the barrier properties were improved due to a reduced paper porosity by
the MFC coating. However, multiple coating cycles are less appropriate for industrial scale and it is still
challenging to obtain homogeneous coatings and sufﬁcient high coat weights.[74]
Figure 14: Surface SEM image of dried MFC (a) and TEM image of MFC suspension. Figure repro-
duced with permission from reference.[74]
1.3 Silicone polymers for release liner applications
Silicones on the base of PDMS are the main materials used in release liner. A low surface energy and high
chain ﬂexibility facilitate a poor wetting of the PSA and thus low release forces. Moreover, silicones can
be easily synthesized with precise adjustment of the chain length and with different functional groups.
Typically, the Si-O bonds are strongly polarized, which results in high intermolecular interactions. This
is not the case in PDMS because the methyl groups are exposed to the surface, shielding the inner-
lying polar segments of the silicone polymer and resulting in low surface energy (Figure 15). The high
ﬂexibility of the silicone chain is due to a low rotation energy of Si-O of about 3 kJ/mol, whereas the C-C
rotation energy in polyethylene is about 13 kJ/mol and higher than 19 kJ/mol in polytetraﬂuoroethylene.[25]












Figure 15: The methyl groups of the PDMS release coating are exposed to the surface. The inner-lying
polar groups are shielded by the methyl groups. Figure redrawn from literature.[76]
1.3.1 Synthesis of silicone polymers
The commercial production of silicones, in speciﬁc polydimethylsiloxane (PDMS), started in the year
1940. The raw material, silicium, is produced by heating and reduction of silicium dioxide by using
carbon (Scheme 4).[77,78]
SiO2 C Si CO2
1700 °C
Scheme 4: Reduction of silicium dioxide to elemental silcium.[78]
In a next step, the silicium powder is reacted with methyl chloride according to the Müller-Rochow
process in order to obtain dichlorodimethylsilane (Scheme 5).[77,78]





Scheme 5: Synthesis of dichlorodimethylsilane according to the Müller-Rochow process.[78]
The dichlorodimethylsilane is hydrolyzed and a mixture of linear and cyclic PDMS oligomers is obtained
(Scheme 6). The cyclic PDMS oligomers can be further polymerized to high molecular polymers by
addition of acid or base and an end-blocker such as hexamethyldisiloxane. Herein, it is important to
remove or neutralize the catalyst because it can also catalyze the depolymerization. Depolymerization
is especially favored at high temperatures and in the presence of water. Labile catalysts have been
developed, which are decomposed or volatilized by heating above the application temperature. Different
functional groups such as vinyl, phenyl or triﬂuoropropyl can be introduced into the PDMS backbone by
using the respective dichlorosilane.[2,79]
1.3.2 Curing mechanisms
As PDMS is an oil, it has to be cured for surface coating in order to guarantee sufﬁcient stability on the
substrate. First silicone systems were thermally cured by using the tin-catalyzed condensation reaction
of hydroxy end-blocked PDMS groups with alkoxysilanes (Scheme 7). The alkoxysilane ﬁrst reacts with
water coming from the air and the resulting hydroxy group undergoes a condensation reaction with
another alkoxysilane, thereby releasing propylalcohol. In another mechanism, silicones containing vinyl






































































Scheme 7: Curing mechanisms by tin-catalyzed condensation reaction of alkoxysilanes and by an
radical initiated crosslinking reaction of vinyl functionality. R· stands for a radical coming from an
organic peroxide and Pr corresponds to a propyl group. Figure redrawn from literature.[79]
Thermal curing is the most widely used mechanism because of its easy processing. Silicone systems are
mostly applied from an aqueous emulsion or organic solvents, but nowadays they are increasingly being
replaced by the more commonly used solvent-free silicone systems. In this case, the vinyl-containing
silicone is mixed with the polymeric crosslinker, carrying Si-H functionality, and with the catalyst, which
is dispersed in the vinyl-containing silicone. Considering all three components, the platinum-containing
silicone is the most expensive one and it has to be kept as low as possible. The silicone is crosslinked by
a platinum-catalyzed addition reaction, also known as hydrosilylation (Scheme 8). The vinyl-containing
silicone polymer reacts with appropriate silane groups of the crosslinker under the formation of a net-
work. Inhibitors, such as maleic acid, are added in order to extend the bath life at room temperature.
The inhibitors have signiﬁcantly inﬂuence on the curing speed. Inhibition of the catalyst can also occur
by poisoning agents coming from the substrate. Such poisoning substances are chemical compounds
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having free electron pairs, which can coordinate to the Pt-catalyst. The catalyst is then blocked and the
crosslinking reaction is inhibited. These are unwanted side reactions which have to be prevented.[7,12]
Scheme 8: Thermal-induced and Pt-catalyzed curing reaction of vinyl groups from the silicone poly-
mer with silane groups coming from the crosslinker (Hydrosilylation). The initially freely-jointly
silicone chains were connected by hydrosilylation reaction leading to a crosslinked network. The red
joints represent the crosslinks by hydrosilylation reactions. Figure redrawn from literature.[7]
Residual Si-H functionality of thermally cured silicone release coatings can undergo post-curing reactions
in which they are ﬁrst hydrolyzed to silanols (Scheme 9). In a second reaction, the silanol groups can
crosslink with other silanol groups from the silicone backbone or with hydroxy groups coming from the
substrate surface in the presence of the Pt-catalyst (Scheme 10). The hydroxy groups from the substrate
surface can originate from cellulose ﬁbers, pigments or binders and the post-curing reaction signiﬁcantly
improves the silicone anchorage and leads to a good rub-off. Beside chemical reactions, anchorage can
be improved by mechanical interlocking with the substrate surface. This process is preferred on porous
substrates such as paper or pigment-coated papers having small pores. The silicone ﬂows into the cavities
of the porous material and cures between them. Stable anchorage of the silicone to the applied surface
is important so that the silicone is not removed by the adhesive upon peel-off. Despite an improved
anchorage by porous materials, the industry prefers a minimum penetration of silicone into the substrate
































Scheme 9: Post-curing reactions of residual silane groups with water. The silane groups were conden-
sated to silanol groups and they can be used for crosslinking reaction with other hydroxy-containing




























+ H2 + H2OSubstrate surface
Pt-cat.
Scheme 10: Anchorage of the silicone layer to the substrate surface. Residual silane and silanol
groups from the silicone coating react with hydroxy groups from the substrate surface in a post-
curing reaction. Figure redrawn from literature.[7]
Beside the thermally cured silicone systems, silicones can also be crosslinked by irradiation with UV light
or by an electron beam. These systems are important for curing reactions of silicones on thermal-sensitive
substrates such as PE. Silicones are functionalized by epoxy groups and photochemically crosslinked by
addition of a photocatalyst, which is decomposed into a strong acid upon irradiation with UV light.
The acid catalyzes the ring-opening reaction of the epoxide under the formation of a three-dimensional
network (Scheme 11). The silicone is completely cured, but silicone coatings on plastic substrates suffer























Scheme 11: Photochemical curing reaction of silicone polymer containing epoxy groups. UV irra-
diation of the diaryliodonium salt lead to the formation of a strong acidic acid, which induces the
ring-opening reaction of the epoxy-containing silicone. This results in a three-dimensional network.
Figure redrawn from literature.[12]
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1.3.3 Silicone systems
The silicone can be applied from water-based emulsions, solvent-based or solvent-free silicone sys-
tems.[2] Solvent-based silicone systems are based on organic solvents and many different substrates
can be siliconized by using this system. Low coat weights can be obtained and the anchorage to ﬁlmic
substrates is excellent. Additionally, the silicone needs just moderate curing temperatures (100 °C). This
also facilitates the siliconization of low-melting PVC-foils. Nevertheless, due to the organic solvents,
the solvent-based silicones can be harmful and many safety precautions are necessary, such as an air
exhausting system. Moreover, an installation for solvent recovery may be required or the solvent is
incinerated.[80]
As a harmless alternative to the solvent-based silicone systems, water-based silicone dispersions are
produced. This system allows an easy handling and no special safety precautions are needed. Water-
based silicones require a higher curing temperature (120 °C) due to the higher boiling point of water
and thus more energy is consumed. Another aspect is that water-based silicones have the tendency to
penetrate into the substrate and affecting the release properties. Additionally, the water induces ﬁber
swelling, which changes the paper structure and leads to paper curling.[49]
The most widely used silicone system is the solvent-free silicone, which is cured by a platinum-catalyzed
addition reaction as shown above. It possesses several advantages over the other systems such as fast
curing without formation of side products. As pure silicone is applied on the substrate, no shrinkage
will occur.[79] Thus, the applied silicone thickness corresponds well with the ﬁnally cured layer allowing
accurate adjustment of the silicone coat weight. However, one drawback is that the platinum-catalyzed
curing reaction can be inhibited by sulphur- or phosphorus-containing poisoning agents coming from
the paper.[81] Additionally, an expensive platinum catalyst is used, which cannot be recovered and high
curing temperature (140 °C) or more catalyst is required for fast curing. Solvent-free silicones can also
be cured by UV light, but these silicones are more expensive compared to thermal-curing silicones and a
nitrogen atmosphere may be required for sufﬁcient cure.[80]
The different kind of used silicone systems also inﬂuence the release forces (Figure 16). At low peel
speeds, below 1 m/min, the release forces are similar, whereas the release proﬁles at higher speed differ
signiﬁcantly. The various release proﬁles are mainly governed by different crosslinking densities.[82] The
correct silicone system has to be selected in consideration of the substrate, the costs and the ﬁnal release
application.
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Figure 16: Inﬂuence of silicone system on release forces of a hot melt adhesive tape.[82]
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2 Goals and Strategy
2.1 Goals
Since several years, release liners are produced following the same principal. The pores of the porous
base paper are closed by a complex pigment coating and a thin silicone release layer is applied on the
paper in a next step. As an alternative, non-clay-coated glassine papers were introduced for release liner
applications. The paper surface is calendered to get a very dense and smooth surface and the ﬁbers in
glassine papers are highly reﬁned. Additionally, a ﬁlm-forming polymer is usually applied on the paper
surface, which acts as barrier for silicone migration, similar to the clay coating in CCK papers.[64,65,83]
Most polymers used in barrier coatings originates from synthetic sources and they are not biodegradable.
Finally, the production of glassine papers is an energy-intensive process due to reﬁning and several
calendering steps. The production of siliconized release liner was continuously optimized in terms of
efﬁciency and reduction of costs. The question is, if this is the end of optimization processes or is there
still potential for new routes in order to save resources and energy?
The goal of this thesis is to address new strategies for the development of a release liner with the focus
of implementing bio-based materials and simplifying the production process, as well as to address new
ways to investigate the possibility of creating a "silicone-free" release liner. The following key-questions
are to be addressed in this thesis (Scheme 12):
I) Is it possible to produce a release liner starting from a simple open-porous paper sheet without
using a clay-coating?
• Can silicone be mixed with particles and applied on porous papers to produce the release liner
in one production step?
• Can surface of the porous paper be closed by using ﬁlm-forming polymers instead of pigment-
coating, with special focus on bio-based polymers?
II) Can silicone be completely replaced by a silicone-free release coating on the base of a biogenic
material with similar release properties?
• Can we use modiﬁed cellulose polymers in such manner that it resembles similar properties
of silicone?
• Can such modiﬁed cellulose polymers be applied using non-toxic solvents and well-established
coating methods?.
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Scheme 12: Schematic overview of the main goals of this thesis.
2.2 Strategy
The following strategy was employed in order to address the questions mentioned before (Figure 17).
First, speciﬁc porous base papers as well as clay-coated Kraft (CCK) papers will be selected from the
product line of Sappi Alfeld GmbH. These papers will be characterized in terms of surface topography,
porosity, contact angle and chemical composition. A thin silicone layer of about 1 g/m², which is a typical
coat weight in industry, will be applied on the papers by using a multiple roller coater. Commonly used
CCK papers will be utilized in order to adjust the silicone coat weight of a solvent-free silicone. This
type of silicone is thermally cured by hydrosilylation reaction and commonly used in industry. In order
to evaluate the siliconization process, the force will be measured which is required to release an acrylic
tape from the siliconized paper surface. This measurement will be performed according to FINAT 10
method in an angle of 180°. The inﬂuence of paper roughness on the siliconization and on release forces
will be investigated by using CCK papers with different degrees of roughness. Additionally, the stability
of the release forces during storage and in dependency of the silicone coat weight will be analyzed.
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Figure 17: Developed strategy to answer the key questions addressed in this work.
In order to establish new strategies for the development of a release liner, in the ﬁrst approach, the
release liner will be directly produced from a non-clay coated, porous paper in one coating step. This
process combines two individual coating steps, the clay-coating and the application of silicone, which
saves energy and costs. In particular, a solvent-free and a water-based silicone will be mixed with differ-
ent amounts of talcum and coated on a porous base paper. Talcum was selected as a pigment, because
preliminary studies with this pigment by Sappi Alfeld GmbH showed promising results. The talcum
should act as a mechanical barrier for silicone penetration into the paper as well as a viscosity modiﬁer,
which additionally reduces silicone migration. The resulting release forces should be in the range of
siliconized CCK papers.
In another approach, the porous paper surface will be closed by using ﬁlm-forming polymers, which
should act as a barrier, similar to the clay-coating. Porous base papers with different sizing agents were
selected in order to analyse the inﬂuence of the sizing agent on wetting behavior and on the siliconiza-
tion process. In detail, synthetic barrier coatings, like polyvinyl alcohol (PVA) with 88% and 99% degree
of hydrolysis, which are already used in industry, should be coated on porous base papers as a reference
pre-coating. The barrier properties of these speciﬁc polymers should be compared to those of bio-based
hydroxyethyl cellulose and methyl cellulose. These speciﬁc polymers were selected, because they pos-
sess good ﬁlm forming capabilities and the hydroxyl groups can be used for crosslinking reaction with
the silicone leading to a stable coating. The polymers will be applied by roller coater and blade coater
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in order to compare the coating homogeneity of the respective methods as well as the resulting release
forces. In order to study the distribution of the pre-coatings on the paper, PVA will be labeled by a
ﬂuorescent dye. After applying the polymer on the papers, the pre-coated papers will be characterized
by ﬂuorescence microscopy and scanning electron microscopy to examine the macroscopic homogeneity
and surface morphology. The silicone layer will be applied in a second step and release forces will be
determined. Additionally, the stability of the coating on the paper will be analyzed by a simple rub-off
test. A stable anchorage of the coating to the paper surface is important in order to ensure stable perfor-
mance of the adhesive tape.
Finally, the silicone should be replaced by a silicone-free alternative based on modiﬁed hydroxypropyl
cellulose (HPC). This polymer was chosen, because it was shown in preliminary experiments that the
hydroxy groups of the HPC can be easily modiﬁed with various degree of substitution (DS).[54] The HPC
will be modiﬁed by long, hydrophobic alkyl chains in collaboration with a colleague in the Department
of Macromolecular Chemistry and Paper Chemistry in order to generate hydrophobicity. A crosslinker
will be introduced in order to investigate the inﬂuence on coating stability and anchorage to the paper
surface. The modiﬁed polymer will be applied on CCK-paper from a solution in THF by using the blade
coater. The release forces of the modiﬁed polymer will be measured and compared to silicone release
liner. The hydrophobic HPC is usually dissolved in a organic solvent and applied on the paper. This is
not applicable for industrial processes and thus a water-based dispersion of hydrophobic HPC will be
developed to overcome this problem. The water-based dispersion will be applied on CCK-paper by blade





The roller-coating method is known to be a widely used technique to produce thin coatings on planar
substrates in large scale. In Industry, this method is accomplished through consecutive connection of
multiple rollers to obtain low coat weights. Roller coaters are especially used for laminating adhesives
and solvent-free silicones in production of release coating. Beside the number of rollers, the roller pres-
sure and coating speed signiﬁcantly affect the coating thickness. The rollers can be arranged differently
depending on the coating procedure and they can be moved in the same or reverse direction. In addition,
composition of a roller is adapted in order meet the need for appropriate coatings.[84–86]
In this thesis, we use a lab-scale roller coater for coating of DIN A4-sized papers. The roller-coater
contains a dosing roll, which is in intimate contact with the applicator roll upon applying pressure
(Figure 18).
Figure 18: Coating setup of the 3-roller system.
During the coating process, the applicator roll starts to rotate, which makes also the dosing role to move
so that both rollers have the same speed. The coating speed can be adjusted up to 8 m/min and the
pressure between dosing and applicator roll can be varied from 30-250 N depending on the intended
application. The roller material is either composed of a rubber material or stainless steel. The coating
material (e.g. silicone) is added to the storage pan so that it comes in contact with the dosing roll. The
rotating dosing roll transports the coating material from the reservoir to the applicator roll and a nip
is formed between these rolls. The liquid is forced to pass the nip between the rolls, the excess liquid
is metered off by the applicator roll and the ﬁlm is splitted into two ﬁlms after the liquid exceeds the
roller-roller contact point. The amount of coating material which is transferred from the dosing to the
applicator roll depends mainly on the coating speed, the roller pressure, the roller material as well as on
rheological properties of the liquid.[84] A paper, which is ﬁxed on the sample carrier, is moved between
the applicator roll and the pressure roll so that it is coated with a desired amount of material. The
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pressure of the pressure roll can be adjusted up to 1200 N and it pushes the sample carrier together with
the paper sheet onto the applicator roll so that the paper gets in intimate contact with the respective
roller. An IR and hot-air dryer in the drying section can be utilized for drying and/or curing purposes.
The IR dryer can be adjusted from 0 to 100% power and it is switched on when the paper passes the
rollers. The temperature of the air dryer can be varied up to 150°C and the heating time can be adjusted.
3.1.2 Film-press setup
The roller-coater setup can be changed to the ﬁlm-press setup if coatings with higher weights are desired
or sizing agents like starch are applied. The ﬁlm-press setup is build up of a storage pan, an applicator
roll and a metering bar. The applicator roll is submerged in the coating material in the storage pan and
transports the liquid to the substrate. During this process, the excess liquid is removed by the metering
bar and a distinct coating thickness is transferred to the substrate. The coating thickness depends mainly
on the pressure of the metering bar, the metering bar itself and the coating speed. The metering bar
can have a smooth surface or it can be surrounded by a wire, whose diameter inﬂuences the coating
thickness. A metering bar with a thick wire results in a thick coating, because less amount of coating
material is metered off. The coating speed can be adjusted up to 35 m/min and the pressure of the
metering bar ranges from 10-110 N. As for the 3-roller system, the paper is ﬁxed to the sample carrier
and pushed between applicator and pressure roll. The coating can be cured by the IR-dryer or hot-air
dryer.
Figure 19: Coating setup of the ﬁlm press system.
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3.1.3 Blade-coating
The blade coating method was originally developed for the production of capacitors and piezoelectric
materials.[87] In principle, the coating material is deposited on the substrate in front of the doctor blade
and forms the reservoir. When the doctor blade moves over the ﬁxed substrate with a constant speed,
the coating material is metered off so that a homogeneous coating layer is formed on the substrate.
The coating speed can be varied up to several meters per minute and the resulting coating thickness
ranges from few up to hundred microns. The coating materials spreads over the substrate by using two
different coating devices. In detail, a wire-wound rod and the doctor blade, a rectangular frame, are
used for this purpose. The layer thickness is mainly governed by the width of the wire and the respective
gap between the spirals, whereas the coating thickness at doctor blade is deﬁned by the gap between
the substrate and the metal frame.[88] Besides the gap width, the layer thickness is also affected by the
viscosity, the coating speed, the surface tension and by the solid content. With this background, it is
obvious that it is not trivial to predict the dry layer thickness and thus the coating parameters have to be
separately adjusted for each coating material empirically. In general, considering a ﬂat and non-porous
substrate, a wet ﬁlm thickness of half the coating gap is expected for the doctor blade.[88,89] However,
this processing method is well established and some models were developed for speciﬁc coatings, like
ceramic tape casting, in order to determine the dry coating thickness.[90–93] In addition, this method is
used for the fabrication of different functional papers, such as barrier coatings, which are composed of
microﬁbers or pigment coatings.[4,5,94,95]
A rectangular ﬁlm applicator will be used for the prospective experiments in this thesis (Figure 20).
The coating material is ﬁlled in front of the blade by a syringe and the blade is moved with a constant
speed over the ﬁxed substrate (paper). The liquid is homogeneously distributed over the paper and the
resulting coating thickness is limited by the selected gap size of the doctor blade. The coated papers are
either dried at room temperature or in oven at elevated temperature.
Figure 20: Coating setup of the ﬁlm applicator.
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3.2 Determination of release forces according to FINAT 10 method
A broad spectrum of different release properties are required for release liners depending on the ﬁnal
application. For example, release liners for automated peel-off applications of labels need low release
forces, whereas the release forces for roof sealants have to be higher so that the product quality is
maintained during transportation. The release forces of silicone release liner are usually tailored by
addition of silicone resins to enable speciﬁc and stable release properties.[16,96] Thus, the measurement
of release forces is essential in order to guarantee the desired release properties. The FINAT methods
are usually implemented to determine the performance of adhesives as well as the release properties of
release liner.[97] In this thesis, the peel-off forces (Fpeel) are determined according to FINAT 10 method
at an angle of 180° (Figure 21). The samples were prepared as follows: Siliconized papers are cutted so
that a minimum number of ﬁve strips with a speciﬁc size (2.7 cm width, 17.5 cm length) were achieved.
In a next step, an acrylic tape is applied onto the release liner under certain pressure by a standardized
FINAT-pressure roll. The chemical composition of the adhesive tape should be identical to the adhesive
of the ﬁnal application. A double-sided adhesive tape was applied to the backside of the release liner.
The test strips were stored between to ﬂat glass plates under pressure and conditioned in climate room
(23 °C, 50 % r. H.) prior to the measurement. The test strips were ﬁxed to the steel plate by the double-
sided adhesive tape and clamped into the 180°-peel-off setup at the Zwick Z 1.0 equipped with a 20 N
load cell. Finally, the adhesive tape is removed from the silicone release liner with a constant speed and
the respective force is recorded. The release force is related to the width of the adhesive tape and is
stated as N/25 mm in our case.
Figure 21: Setup for the determination of the release forces in accordance to FINAT 10 at an angle
of 180°. Figure reproduced with permission from reference.[98]
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The mean release force (Fpeel,stripe x) for every single test stripe (x) is calculated in the range of 100 to
200 mm according to the FINAT method (Figure 22). The selected area is located at the middle of the
test stripe in order to prevent fringe effects and to obtain stable release forces. The mean peel-off force
(Fpeel,stripe x) for each test stripe is calculated by considering the release force (Fpeel,n) of 10 measuring
points (n) in the respective range (Equation 3.1). The median release force of the ﬁve test strips are
used in a second step to calculate the total median release force (Fpeel,tot) of one silicone release paper
(Equation 3.2). The error of release force for each release paper is calculated by using the Gaussian error
propagation and the standard deviation (sstripe x) of the respective test stripe (Equation 3.3). Thus, the
























Figure 22: Release proﬁles of ﬁve release liner test strips. Release forces at every 10 mm in the range
of 100 to 200 mm are considered for the calculation of the mean peel-off force (Fpeel,stripe x) for the
respective test stripe.
31
3.3 White light interferometer
Interferometric techniques are used for long time as a non-destructive method in order to obtain to-
pographical images with sizes of millimeter to nanometer scale. The interference pattern of two light
beams is utilized to obtain a surface topography image. The sample must be light reﬂective and if a
non-reﬂective substrate is investigated, light reﬂection has to be generated by sputtering of a thin gold
ﬁlm. The interference pattern of two light beams is determined as follows: If two light waves with same
frequency are superposed, the amplitudes are reinforced when the waves are in phase or completely
canceled when the beams are out of phase (optical coherence). The phase difference of the light waves
results in light and dark bands, which are known as fringes. The interference pattern is utilized in or-
der to visualize the topography of the sample. In detail, the location of the fringes during scanning in
z-direction corresponds to the height of the sample.[99]
Lasers were initially used as a light source, but the interference fringe can be better detected by using
white light due to its low coherence length.[99] In this case, LED or halogen lamp is used as a light source
which possesses a Gaussian spectral intensity distribution. In the case of white light, interference is
possible just in limited coherent areas, because of the short coherence length of the light. This simpliﬁes
the detection of interference fringes.[99–101] The ﬁrst and most commonly known technique is based on
two-beam interferometry, also known as Michelson Interferometer (Figure 23).
Figure 23: Schematic setup of Michelson Interferometer (Figure redrawn[102]).
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The beam of the light source is splitted into two parts by a semi-reﬂecting coating on the beam splitter.
One part is directed to the reﬂective sample surface and the other part is reﬂected back by the mirror
and acts as a reference. A phase change between both beams occurs, because of different optical path
(time delay). The beams are recombined at the beam splitter to form an interference pattern (interfer-
ence fringe). The light intensity, which depends on the sample height and the resulting phase shift, is
recorded by the CCD-camera (Charge-coupled device) as the objective moves by a piezo driven system in
z-direction. Finally, the interference pattern is converted by Fourier transformation into a topographical
image.[102–104] The resulting image show the different heights, which are indicated by red colour (high)
or blue colour (low) (Figure 24, A). The roughness of the sample can be visualized by a line depth proﬁle
(Figure 24, B). The arithmetic roughness (Ra) is calculated by averaging the absolute deviation values
from the imaginary mean line in z-direction. Ra describes the arithmetic deviation from the mean line
over the sampling length, whereas the mean line is deﬁned by a ﬁtting parameter (Figure 25).[105] The
arithmetic average roughness (Ra) is calculated by the absolute values (zn) divided by the number of
elements n (Equation 3.4). Multiple line depth scans were performed in order to obtain the arithmetic
average roughness (Ra) for the whole surface image. This allows an estimation of the surface roughness
for the investigated surface.
Figure 24: Image of white light interferometer (A) with the corresponding depth proﬁle in x-direction
(B) and a topographical map (C).
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4 Characterization of model paper substrates
Speciﬁc non-clay-coated base papers and clay-coated papers were selected in agreement with Sappi
Alfeld GmbH in order to produce a release liner (Table 2). In detail, cheap and non-clay-coated base
papers (L40, L90) as well as various CCK papers were used. The base papers were sized with alkyl ketene
dimer (L40) or with resin (L90), the ﬁbers were reﬁned to 30 °SR and one-side machine glazed. The
papers were selected in order to investigate the inﬂuence of the sizing agent on the siliconization process.
In addition to the porous papers, commonly used CCK papers, which were calendered (S98, DNC135) or
not calendered (DN135), were chosen as reference papers and for the production of silicone-free release
liners in this thesis. In detail, the inﬂuence of calendering process (DN135 ↔ DNC135) as well as the
inﬂuence of different clay coating recipes (S98↔ DNC135) on release forces should be analyzed. Main
differences between DNC135 and S98 were that double the amount of clay-coating was applied on the
DNC135 paper. The papers were ﬁrst characterized with special focus on surface topography, surface
chemistry and wetting behavior, respectively. This is essential in order to interpret the different coating
results.
Table 2: Overview of selected papers.
Abbreviation Grammage / g/m² Info
L40 40 AKD-sized, one-side machine-glazed, not calendered
L90 90 Resin-sized, one-side machine-glazed, not calendered
S98 98 CCK topside coating, calendered
DN135 135 Double amount of clay compared to S98, not calendered
DNC135 135 Double amount of clay compared to S98, calendered
4.1 Chemical analysis
All selected papers were characterized by FT-IR in order to compare the composition of the paper sur-
face before and after the coating process. FT-IR analysis of sized base papers (L40, L90) do not show
signiﬁcant differences (Figure 26, A). The broad vibration band of OH-groups (3310 cm-1) as well as
signals from CH- (2896 cm-1) and CH2- (1310 cm
-1) groups arise, which can be assigned to signals from
the cellulose backbone. The absorption band at 1640 cm-1 is caused by the stretching vibration of ad-
sorbed water on cellulose.[106] Variations of L40 and L90 spectrum due to different sizing agents were
not detected, probably because of less amount of sizing agent. The signals from the cellulose disappear,
when the paper surface is coated by clay (Figure 26, B). Signals at around 3668 cm-1 arise from the
clay-coating representing inner lying hydroxyl groups and weakly formed hydrogen bonds with the oxy-
gen from Si-O-Si bonds. The small vibration bands for CH- (2913 cm-1) and CH2- (1445 cm
-1) groups
may probably arise from polymeric aliphatic additives in the clay-coating. Strongest signals from Si-O
vibration appears at 993 cm-1and at 905 cm-1 for Al2-OH vibrations of the clay pigments.
[107,108] FT-IR
absorption bands are summarized and characterized in detail in table 3. The spectrum of DNC135 paper
was not depicted, because it is identically to the spectrum of DN135 paper.
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Figure 26: FT-IR analysis of sized base papers (A) and CCK papers (B).
Table 3: Detailed overview of the observed FT-IR absorption bands of various paper samples.
Paper Wavenumber/ cm-1 Assignment
L40 + L90 3310 O-H stretching vibration
2896 C-H stretching vibration
1640 stretching vibration of adsorbed water on cellulose
1310 CH2 deformation vibration
1024 C-OH stretching vibration
S98 + DN 3668 O-H stretching vibration
2913 C-H stretching vibration
1445 CH2 deformation vibration
993 Si-O stretching vibration
905 Al2-OH stretching vibration
4.2 Morphological analysis
The papers were investigated by SEM in order to visualise the topographies of the paper surfaces. The
images show the porous and open structure of the surface sized base paper (L40) (Figure 27). This can
be also seen for L90 (see Appendix, Figure 108). The ﬁbers are mostly randomly oriented and the ﬁber
width ranges from 10 to 40 µm. The ﬁber structure is preserved and only a few microﬁbrils are sticking
out of the cellulose ﬁber, due to the moderate reﬁning process on the ﬁbers. Some pores were closed
by the sizing agent but most of them remain open. The sizing agent is located at the ﬁber-ﬁber crossing
points and on the ﬁber surface. Sometimes holes in the sizing layer on the ﬁbers can be observed which
arise from defects during drying process. The surface structure of both sized base papers (L40 + L90)
look similar and does not show signiﬁcant differences. This is reasonable, because the production process
for both papers is the same and the only difference is the grammage and the sizing agent. In contrast
to that, the paper pores on CCK paper (S98) were closed by clay pigments (Figure 28). These pigments
posses a hexagonal structure and most of them were smaller than 2 µm. Large paper pores (> 10 µm)
were closed and just small pores (< 1 µm) remained on the paper surface. The ﬁber structure, as from
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the non-clay coated papers, was overlaid by the clay in most parts and is just partially visible. The surface
of the other CCK papers (DN135, DNC135) seems to be smoother compared to S98, which is likewise
caused by a double amount of clay-coating (Figure 29). Additionally, the ﬁber structure disappeared
completely at DNC135 paper compared to S98 paper.
Figure 27: SEM images (topview) of sized base paper (L40) at different magniﬁcations.
Figure 28: SEM images (topview) of CCK paper (S98) at different magniﬁcations.
Figure 29: SEM images (topview) of CCK paper (DNC135) at different magniﬁcations.
The paper porosity and pore diameter are important parameters in order to interpret the coating results.
The ability to homogeneously close the paper surface is higher, when the paper porosity and the pore
size were small. The coating will be retained by the cellulose ﬁbers and penetration into the paper is
diminished. The paper parameters may affect the coat weight as well as the coating homogeneity. Thus,
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the porous base paper L40 and L90 as well as the CCK paper S98 were investigated by mercury intrusion
experiments (Table 4).
Table 4: Results of the mercury porosimetry measurements: pore diameter d and porosity P for
selected papers.
Paper d / µm σ(d) / µm P / % σ(P) / %
L40 12.5 0.5 59 12
L90 11.2 0.3 54 10
S98 6.8 0.1 39 4
The median pore diameter of the porous base papers was between 11-12 µm (Figure 30), whereas the
pore diameter of the CCK paper was reduced to 7 µm. This is induced by the clay-coating, because part
of the huge pores on the paper surface were closed by the clay coating and just small pores remain. The
small pores in the clay-coating were still accessible for the mercury and were therefore detected during
the measurement. Thus, the clay-coating affects the overall pore diameter of the paper. The differences
between porous and clay-coated papers can be also seen in the porosity. The porosity of the clay-coated
paper was smaller compared to the porous base papers, because the pore volume was reduced by the
clay-coating. However, the results of this method have to be considered carefully. In addition to the
errors of the standard deviation, errors during the measurement may occur, which inﬂuence the results.
Artiﬁcial pores may be generated between paper sample and glass wall of the penetrometer and the
ﬂexible paper structure may be changed at higher pressures of the mercury.
Figure 30: Pore size distribution of L90 paper obtained by mercury intrusion experiments.
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Additionally, some mercury remained in the paper after complete depressurization, which leads to higher
amounts of intruded mercury. Many assumptions were done in order to calculate the pore diameter. For
example, the pore shape is expected as cylindrical, which in case of paper is not true. This shows,
that the results depend on various assumptions and experimental factors.[109] The results, which were
determined by mercury intrusion experiments, relate to the complete paper, but especially the surface
properties of the paper were crucial for the coating experiments. Therefore, the paper surface was
investigated by white light interferometry in a next step.
In order to investigate the inﬂuence of the paper roughness on the release forces, the arithmetic average
roughness (Ra) was measured with a white light interferometer. A high paper roughness may lead to
higher release forces compared to a smooth release paper, because of a higher contact area between
the adhesive and the siliconized paper, respectively. Additionally, the coating homogeneity may also be
affected by the roughness of the base paper. The porous base paper (L90) possesses a rough surface,
because it is not calendered and the pores on the paper surface are not closed, i.e. by a pigment coating
(Figure 31, A). The ﬁber structure is visible and the depth proﬁle varies over several microns. An
arithmetic average roughness (Ra) of about 2.2 µm was calculated for the non-clay coated base papers
L40 and L90 (Table 5). In contrast to this, the paper roughness is signiﬁcantly reduced, if the paper
surface is covered by clay pigments. Hence, a median paper roughness of 1.3 µm was obtained for the
S98 paper. Part of the ﬁber structure can be still seen, but the paper surface is smoother compared to
the non-clay coated papers (Figure 31, B). The ﬁber structure disappears when double amount of clay is
applied on the paper in contrast to S98 paper (Figure 31, C).
The paper surface looks more homogeneous and the paper roughness is even more reduced when the
paper surface is smoothed by calendering steps. The median paper roughness for DNC135 is decreased to
0.8 µm. Nevertheless, even with highly surface-smoothed paper, some unevenness (blue) persists, which
may lead to defects in the silicone top-coating. These results show that the selected papers possess
different surface roughnesses, which may affect the coating results and release forces.
Table 5: Determination of the arithmetic average roughness (Ra) by white light interferometer.







Figure 31: Analysis of paper surface by white light interferometer. A: L90; B: S98; C: DNC135.
4.3 Wetting behavior
In order to characterize the behavior of the chosen paper samples in contact with ﬂuids, the wetting
behavior was studied by means of contact angle measurements. This is important, because the surface
properties may inﬂuence the coating results. Both base papers (L40, L90) show hydrophobic contact
angles (θ > 90°) and a dewetting behavior for water (Figure 32). The hydrophobic character was pro-
vided by the sizing agent. The contact angle of L40 was approximately 10° higher compared to L90.
This result may be due to the different sizing agents, which were used for the hydrophobization of the
papers. Nevertheless, despite the hydrophobic character of the papers, it was observed, that the ﬁbers
start to swell after 15 s. This is due to the fact that the ﬁbers were not fully covered by the sizing agent
and micropores exist on the ﬁber surface, which was previously shown by SEM analysis. The water pen-
etrates through the micropores into the ﬁbers, inducing swelling of the ﬁbers. Because this swelling may
be accompanied with a more polar surface, water uptake by capillary forces is dynamically enhanced.
In contrast to this, the contact angles of the CCK papers (S98, DN135, DNC135) were more hydrophilic
(∼65°) from the beginning. The CCK papers do not contain hydrophobic additives in the coating. Usu-
ally, the contact angle of kaolinite is at around 50°[110], which in our case is slightly increased, because
of more hydrophobic polymer binders in the clay-coating formulation.
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Figure 32: Water contact angles (drop size = 4 µL) of sized base papers and CCK papers. The sized
base papers (L40 and L90) show a hydrophobic contact angle, whereas the CCK papers (S98, DN 135
and DNC 135 have a hydrophilic contact angle
4.4 Conclusion
Characterisation of selected papers by various methods demonstrated the differences between base pa-
pers and the CCK papers. The base papers carries a highly porous structure with pore sizes bigger than
10 µm. The ﬁber structure can be clearly visualized, whereas the surface of CCK papers was closed by
clay pigments and just small pores (< 10 µm) exist. The clay-coating acts as a barrier and prevents
penetration of the coatings into the paper substrate. The different pore sizes were also determined by
mercury intrusion experiments. The sized base papers carry similar mean pore diameter of about 11 µm,
whereas the pore diameter of CCK paper was reduced by the clay to around 7 µm. The clay-coating also
reduces the paper porosity. Analysis of the paper surface by WLI revealed that the non-clay-coated pa-
pers carry an average roughness of about 2.2 µm. The surface roughness was signiﬁcantly reduced below
1 µm, when the paper was coated with clay and smoothed by calendering steps. The different roughness
may inﬂuence any subsequent coating process as well as the release forces. The chemical composition of
the paper surface was analyzed by FT-IR. The spectra of L40 and L90 show typical IR-absorption bands
of cellulose, whereas the cellulose signals disappeared, if the paper surface is covered by clay-coating.
New signals arise, which can be assigned to the clay pigments, respectively. The wetting behavior of the
selected papers were investigated by static contact angle measurements. The sized base papers show a
high water contact angle, which is due to the hydrophobic sizing agents. In addition, L40 (122°) was
coated with another sizing agent compared to L90 which leads to a slightly lower contact angle (112°).
This may also result in different wetting during coating with aqueous solutions in subsequent experi-
ments. In contrast, CCK papers possess a more hydrophilic character due to the clay coating, with water
contact angles below 90°.
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5 Investigation and control of coating parameters for the production of a silicone release liner
The silicone coat weight of solvent-free silicone should ideally be adjusted to ∼1 g/m² in order to reach
industrial standards and to compare the results to commercial available release liner. The ﬁlm press
setup as well as 3-roller system were used here. Different adjustments in coating parameters were
performed to investigate the inﬂuence on silicone coat weight. CCK papers (S98) were used for these
measurements. Papers are hygroscopic and thus stored in climate room over night (23 °C, 50 % r. H.) for
constant conditions prior to weighing after each coating step. The silicone coat weight was determined
by gravimetrical means. The silicone coat weight was calculated by dividing the silicone mass by the





5.1 Comparison of different methods for the determination of silicone coat weight
The silicone coat weight was determined by weighing and measuring the coating thickness using a
micrometer screw. As paper has a rough surface, the paper thickness differs by some µm and it is
thus important to mark the measuring points for quantitative analysis of the silicone thickness by SEM-
crosssections. Paper thickness was measured prior and after siliconization on the selected points. The
silicone thickness can be directly compared with the silicone coat weight, because the silicone has a
density of roughly one (0.97 g/cm³[111]). Thus, silicone coat weight of 1 g/m² corresponds to an apparent
silicone thickness of ∼1 µm, if an ideal ﬂat surface is considered. The results from the micrometer screw
and the determination of silicone coat weight by weighing were compared with silicone thicknesses
which were received from cross sections of siliconized papers by SEM (Figure 33). SEM cross sections
were recorded on the previously marked points. Minimum six measuring points from micrometer screw
and SEM images were used to calculate the silicone coat weight. Silicone thicknesses from SEM inves-
tigations containing errors because the interface between silicone and clay coat cannot be determined
accurately for each sample. The results of all three methods are similar for high coat weights, but the
error is highest for the micrometer screw. Determination of coat weight by micrometer screw for lower
coat weights fails completely whereas the results from the balance and SEM investigations are similar. It
has to be mentioned that the error of the micrometer screw given by the product is ± 2 µm. Additionally,
some part of the silicone may penetrate in to the clay coat which cannot be detected by the micrometer
screw. Thus, this method is improper for measuring low coat weights. Best results in agreement with
SEM measurements were obtained by weighing, which is as a simple and fast method. Silicone coat
weight can also be determined by using X-ray ﬂuorescence spectrometer (XRF). The sample is irradi-
ated by x-rays and the released ﬂuorescence of secondary electrons, which is speciﬁc for each element,
is detected. This device is expensive and calibration standards with precise silicone coat weights were
necessary for every paper substrate and for each speciﬁc type of silicone. Thus, silicone coat weight is
determined by gravimetrical means using the balance for all further experiments.
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Figure 33: Comparison of different methods for the determination of the silicone coat weight on
CCK-paper. The silicone coat weight is increased with increasing roller pressure. The micrographs
feature SEM-crosssections of siliconized papers with a scale bar of 10 µm.
5.2 Siliconization via a film press setup
In order to adjust the silicone coat weight to a target of approximately 1 g/m², the coating speed (10, 20,
35 m/min) and the pressure of the blade to rubber roller (40 N, 80 N, 110 N) were altered. Additionally,
the inﬂuence of various metering bars (0 µm, 10 µm, 20 µm, 30 µm) on the coat weight were investi-
gated. Results are shown for a blade pressure of 110 N (Figure 34, A). Prior to the measurements, it was
assumed that the silicone coat weight is increased at low coating speed because the paper/roller contact
time is longer compared to high coating speeds. This was not observed in our experiments. The silicone
coat weight is increased with increasing coating speed. This is most likely due to the fact that the roller
material is deformed by some µm due to the high viscosity of the silicone (500 mPa·s[111]). The inﬂuence
of different metering bars on coat weight is less signiﬁcant. More silicone should be transferred going
from bar 0 µm to bar 30 µm because the rills are getting deeper and wider. Most silicone should be
removed from the roller by using bar 0 µm without any rills leading to lowest silicone transfer. However,
this was not the case. Similar amounts of silicone were obtained by using blades 0 µm, 10 µm or 20 µm.
Furthermore, lowest silicone coat weight was obtained by using bar 30 µm carrying most distinct rills.
This observation is in contrast to the expectation. One explanation may be that the counter-pressure of
the highly viscous silicone is higher than the adjusted pressure (110 N) and the blades (0 µm, 10 µm,
20 µm) are not completely in contact with the roller. The counter-pressure of the silicone may be reduced
by using bar 30 µm with the largest rills. The metering bar is now in contact with the roller and more
silicone can be displaced. Coating experiments with bars 20 µm and 30 µm at 35 m/min, respectively,
were not done because the paper was detached from the sample carrier at high speeds and it has been
43
creased. Similar amounts of silicone were transferred using 80 N pressure (Figure 34, B). More silicone
is transferred to the paper when using 40 N pressure, because less silicone is removed by the metering
bar (Figure 34, C). Minimum silicone coat weight of 5 g/m² was obtained with bar 30 µm, a coating speed
of 10 m/min and a pressure of 110 N. Since this coating method could not met our requirements, the setup
was changed to the 3-roller system.
Figure 34: Siliconization with ﬁlm press setup at 110 N (A), 80 N (B) and 40 N (C) blade pressure
and at different coating speeds. The silicone coat weight is increased with increasing coating speed
and with decreasing roller pressure.
5.3 Siliconization by means of 3-roller coating system
Similar to ﬁlm press siliconization, the pressure between the two roller (50 N, 100 N, 150 N, 200 N) as
well as the coating speed (2, 4, 8 m/min) were changed to investigate the inﬂuence on the silicone coat
weight. The silicone coat weight is raised going from slow to fast coating speeds (Figure 35).
This is presumably due to a deformation of the rubber roller by some µm. More silicone is coated on
the paper when the roller pressure is decreased. Additionally, a macro structure was observed on the
roller and on the paper sheet which was more distinct for low coat weights. Less silicone is displaced
by the roller when the roller pressure is reduced, which leads to an increased coat weight. Changing
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Figure 35: Siliconization of paper by 3-roller coater at different coating speeds and various roller
pressures. The silicone coat weight is increased with increasing coating speed and with decreasing
roller pressure.
roller pressure from 150 N to 100 N lead to only minor inﬂuence on silicone coat weight. Additionally,
the silicone coat weight at slow coating speed of 2 m/min is only signiﬁcantly increased, if the pressure is
50 N. Nevertheless, silicone coat weight of ∼1 g/m² was not achieved. SEM investigations of siliconized
papers show that the silicone formed a ribbing structure build up of hills and valleys (Figure 36).
Figure 36: SEM images (topview) of CCK paper (S98) prior (left) and after siliconization (right) by
the 3-roller-system.
Brighter parts display a maximum, because more electrons can be detected by the SE detector. It is
known from literature that such structures arise during sputtering a gold layer (50 nm) on a thick
PDMS-substrate. The gold layer is deposited on the PDMS-substrate by electron beam evaporation and
the sample is heated during this process. The sample is cooled and the different thermal expansion of
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the metal and the elastomer results in compressive stress in the metal ﬁlm that is relieved by buckling
of the surface.[112,113] In a next step, it has to be checked, whether the structuring of the silicone layer
arises from the sputtering process or from other processes.
5.3.1 Investigation of ribbing structure on siliconized papers
The surface of siliconized paper samples were investigated by light microscope prior to sputtering process
in order to learn more about the origin of the ribbing structure. As the structuring of the silicone layer
was observed on the paper samples after silicone coating, the pattern does presumably not emerge from
the sputtering process. The structuring can be disordered (Figure 37, A), ordered (Figure 37, B) or
completely vanished (Figure 37, C).
Figure 37: Investigations of siliconized papers by light microscopy carrying disordered (A), ordered
(B) and no structuring (C) of the silicone.
The geometric dimensions of structures were investigated by atomic force microscopy (AFM). The max-
ima of the stripes had a height of 20 – 50 nm and the distance between two maxima was about 1 – 2 µm
(Figure 38). Additionally, the elastic modulus of the maxima are higher compared to a minimum. The
E-modulus is inﬂuenced by the crosslink density because more crosslinks lead to a stiffer silicone. Thus,
crosslink density seems to be higher at the maxima compared to the softer valleys.
The structuring occurs most likely due to the curing process of the silicone. The extent of structuring
may depend on silicone thickness, coating procedure as well as on curing temperature and curing time.
Silicone was coated by blade coater (30 µm, 200 mm/s) and cured for several hours at room temperature
until the silicone was crosslinked. For comparison reason, silicone was cured for 1 min at 150 °C. Investi-
gation of silicone surface by light microscopy showed that ribbing structure occured in both cases (Figure
39). The structuring seems to be independent of curing temperature and curing time. Additionally, the
coating procedure does not inﬂuence the microstructure, but the macrostructure. Papers siliconized by
blade coater look smoother and do not possess macrostructuring as on papers coated by roller coater.
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Figure 38: AFM images of siliconized papers recorded by the height sensor (A) and in DMT-mode
(B). The height proﬁle and the E-Modulus was determined by a cross section analysis over the width
of the micrograph. The red line determines a maximum and the green line indicates a minimum.
Figure 39: Light microscope images of siliconized papers by blade (30 µm, 200 mm/s) cured at room
temperature (A) and for 1 min at 150 °C (B). Both papers posses a structured surface.
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5.3.2 Reducing silicone coat weight by dilution
Next the inﬂuence of the dilution of the silicone coating material with different solvents, and its effect
on the silicone coat weight was studied. The solvent-free silicone was diluted by ethyl acetate (EtOAc)
and methyl isobutyl ketone (MIBK). Dilution of silicone by EtOAc with 30 and 50 wt% did not have a
signiﬁcant effect on coat weight (Figure 40, A).
Figure 40: Solvent-free silicone was diluted by EtOAc (A) and by MIBK (B) in order to reduce the
silicone coat weight. The diluted mixtures were coated on CCK-paper at different coating speeds.
The standard deviation is signiﬁcantly raised at 8 m/min and the coat weights stayed almost constant.
Large errors are presumably due to an improper miscibility of EtOAc with the silicone and an inhomoge-
neous coating, respectively. Thus, MIBK was used as another solvent for dilution experiments (Figure 40,
B). It can be seen that the silicone coat weight is remarkably reduced to about 2 g/m² using 60 wt% MIBK,
which may be attributed to a more homogeneous miscibility of the solvent and the silicone, respectively.
Additionally, the inﬂuence of coating speed on the coat weight is diminished. The coat weight is similar
for various coating speeds. This is probably due to a decreased viscosity, which lowers the deformation
of the roller. One challenge of this method is that the solvent is evaporated over time and this leads to a
thickening of the solution, which inﬂuences the coat weight. Furthermore, the papers are not homoge-
neously coated by the silicone and defects in the coating appear, which was detectable by SEM analysis
(Figure 41). The wetting behavior of the coating solution on the rubber roller may be different and it
affects the coating homogeneity, as well. This method can thus be used in order to reduce the silicone
coat weight, but the target coat weight was not obtained and this process suffers from a lack of coating
homogeneity. The roller materials has to be changed to stainless steel to further reduce the silicone coat
weight without dilution. The stainless steel roller cannot be deformed by the roller pressure and this
should lead to lower silicone coat weights.
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Figure 41: SEM images (topview) of CCK-papers which were coated by the diluted silicone mixtures.
The images showing huge defect in the silicone coating.
5.3.3 Influence of roller material on silicone coat weight
Silicone coat weight was investigated by using different combinations of roller material at 200 N. Chang-
ing the bottom roller to a steel roller does not have any effect on silicone amount when compared with
both roller composed of rubber (Figure 42). This changed, if the steel roller is placed to the top. Silicone
coat weight is reduced by 1 g/m², but it is still not sufﬁciently low, which shows that less silicone is trans-
ferred from the bottom to the top roll when using a steel roller at the top position. During experiments
with both rollers made of steel it was observed that the bottom roller rotates slower compared to the
top roller especially at high coating speeds (5 and 8 m/min). This is presumably due to a reduced grip
between the smooth and rigid rollers.
Figure 42: Inﬂuence of various roller material on silicone coat weight at 200 N pressure and 110 N
for steel + steel combination.
49
Thus, a connection bridge consisting of two rubber rollers between bottom and top roll was installed
outside the coating system. It has to be mentioned that 90 N are necessary to bring both rollers in
contact. Thus, when the pressure is adjusted to 200 N, the actual pressure is 110 N. This is just valid for
steel + steel roller combination. In order to enable higher coating pressures, a second pressure cylinder
was installed (Figure 43). This ensures same rotation speeds of both rollers. The silicone coat weight
was successfully reduced to the desired coat weight of ∼1 g/m², if both rollers are composed of stainless
steel. This is because stainless steel rollers are not ﬂexible and the silicone can be removed properly.
However, silicone coat weight still increases with increasing coating speed which was observed for all
combinations of roller material. This is due to the fact that the rollers of the connection bridge are made
of rubber and they may be deformed by some µm due to the highly viscous silicone. The improved
system with stainless steel rollers was used for further coating experiments.
Figure 43: Connection bridge between the top and bottom roller for same rotation speeds of the steel
rollers.
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5.4 Determination of release forces
Release forces of papers which were coated with silicone by two different methods were investigated
according to FINAT 10. The coating direction of silicone can have an inﬂuence on release forces. Thus,
release forces on siliconized paper determined in machine direction (MD) may have different release
forces as in cross direction (CD). Furthermore release forces may vary during storage due to condensa-
tion reactions. Depending on the application, speciﬁc release forces are needed. In literature there are
no standard deﬁnitions how the release forces are categorized into various ﬁelds of applications. In one
publication, release forces are stated as premium (0.03 – 0.25 N/25 mm), modiﬁed (0.25 – 1.25 N/25 mm)
and tight (1.25 – 12.5 N/25 mm)[21]. One company deﬁnes the release forces as easy (≤0.15 N/25 mm),
moderate (0.15 – 0.5 N/25 mm) and tight release (≥ 0.5 N/25 mm)[15]. Another company classiﬁes release
forces in premium, easy, medium, tight and extra tight[114]. This shows that there exist a variety of
different names and ranges for various release applications. Hence, an own deﬁnition for release appli-
cations with speciﬁc release forces was developed for this thesis (Table 6). Release forces are categorized
as easy and medium release for applications like labels in which the sticker is removed by machine or
tight release for medical applications or tapes where the adhesive is removed by hand. The focus of this
project is on release liner which can be are in the range of easy and medium release, however, there also
exist a number of applications where tight-release ranges are in focus, such as for die cutting of or roof
sealants.[115,116]
Table 6: Deﬁniton of release forces.
Deﬁnition Release forces / N/25 mm Application
Easy < 0.25 Automated peel-off
Medium 0.25 – 1 Automated peel-off / Hand peel-off
Tight > 1 Hand peel-off
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5.4.1 Analysis of the adhesive tape (Tesa 7475)
The release forces are determined by using the adhesive tape Tesa 7475 as reference PSA. This pressure
sensitive adhesive was selected, because it is recommended in the FINAT 10 method and the adhesive
is widely used in label industry.[117] The adhesive is composed of an acrylic base polymer which is
characterized by FT-IR analysis (Figure 44). The signals at 2957 cm-1, 2873 cm-1 and 1457 cm-1 arise
from the aliphatic backbone of the acrylic polymer. The ester functionality is detected at 1475 cm-1
for the C=O group and at 1024 cm-1 for C-O stretching vibrations. The IR-spectrum does not show
any characteristic signals for hydroxy or carboxylic groups. All signals are depicted in detail in table
7. The adhesive may be a homopolymer or co-polymer and the glass transition temperature of the
adhesive is below the room temperature. The wetting behavior of the adhesive was investigated by static
contact angles measurement of a water droplet. A water contact angle of about 92° was determined,
which displays a hydrophobic character and conﬁrms the absence of hydrophilic groups. The adhesive is
homogeneously applied on a PET-substrate tape and the adhesive thickness was determined to 100 µm
by SEM-cross section of the adhesive tape (Figure 45).
Figure 44: FT-IR analysis of acrylic adhesive tape Tesa 7475.
Table 7: Detailed overview of the observed FT-IR absorption bands of Tesa 7475.
Sample Wavenumber/ cm-1 Functional group
Tesa 7475 2957 C-H stretching vibration
2873 C-H stretching vibration
1732 C=O stretching vibration
1457 CH2 deformation vibration
1024 C-O stretching vibration
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Figure 45: SEM images of the adhesive surface (A) and the cross section (B) of Tesa 7475.
5.4.2 Papers siliconized by film press
As previously shown, higher silicone coat weights were achieved by using ﬁlm press setup. Nevertheless,
it is interesting to see, how the release forces are inﬂuenced by the silicone coat weight in general. Peel-
off measurements were performed and the release forces observed is plotted as a function of silicone
coat weight (Figure 46). The resulting release forces of siliconized papers at 110 N are in the range of
easy release (0.04 – 0.1 N/25 mm) and do not show signiﬁcant differences.
Figure 46: Release forces of papers with different silicone coat weights. The papers were siliconized
by ﬁlm press setup at 110 N.
As inferred from the ﬁgure, the release forces are independent from the silicone coat weight for high
amounts of silicone (> 4 g/m²). Release forces of coated papers by metering blade 30 are slightly higher
compared to the other blades. This was also observed for papers which were coated at 40 N and 80 N
pressure of the metering bar. A more distinct structuring of the silicone layer may increase the contact
area and thus the release forces when using blade 30. This assumption was not deeper investigated
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because the differences are negligible and received coat weights are not in the desired range. Release
forces were measured after 2 days and 6 weeks storing in climate room (23 °C, 50 % r. H.). It is
known that hydroxy groups can be formed during storage originating from condensation reaction of
residual silanes with water.[76] This may lead to an increase of release forces. However, the release
forces measured here are not affected by prolonged storage times (Figure 47, A).
Figure 47: Inﬂuence of aging (A) and coating direction (B) on release forces. The release forces were
measured in machine direction (MD) and cross direction (CD). The silicone was applied on the paper
at 40 N in combination with blade 30.
This suggests that all silane groups reacted after 2 days by condensation or hydrosilylation reaction.
Release forces were also measured in direction of the coating (MD) and perpendicular to it (CD). The
macro-structure which arises during coating in MD may have an inﬂuence on release forces. The release
forces of the adhesive tape which is removed in MD may vary from the release forces measured in CD.
The results show that release forces are not inﬂuenced by the coating direction. The differences in release
forces are all in the range of the experimental error (Figure 47, B).
Release forces are mainly governed by the low surface energy of the silicone. Structuring has minor
effect because the highly viscous adhesive penetrates into the structures of the silicone and thus the
effect is diminished. More distinct structures where the adhesive is not able to penetrate may lead to
reduced release forces cause of decreased contact area. Nevertheless, further peel-off experiments will
be performed in MD according to FINAT 10.
5.4.3 Papers siliconized by 3-roller-system
The release forces of siliconized papers by 3-roller system were also investigated. The resulting forces are
in the same range of easy release like release forces from the ﬁlm press (Figure 48). Similar release forces
were obtained up to a silicone coat weight of 1.4 g/m². At this point, the release forces are increased to
∼0.2 N/25 mm. Reason for this may be an inhomogeneous silicone ﬁlm on the applicator roll or impurities
on the paper. The adhesive comes in contact with the clay and this results in higher release forces.
The paper roughness may also inﬂuence the coating process and the silicone coverage. Analysis of the
siliconized papers (S98) by SEM revealed that small parts of the paper were inhomogenously coated by
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silicone (Figure 49). More data points in addition with release forces should be acquired for low silicone
coat weights (< 1.4 g/m²) in order to visualize the inﬂuence of coat weight on release forces. Additionally,
the paper surface should be investigated by microscopy to check homogeneity and defects in the silicone
layer. This will be discussed in detail later in this thesis, below.
Figure 48: Release forces of papers (DN135) with different silicone coat weights. The silicone was
applied by using the 3-roller system at 200 N.
Figure 49: SEM images (topview) of siliconized CCK paper (S98) with 1.4 g/m² silicone coat weight.
The images show defects in the silicone coating.
55
5.4.4 Influence of pressure roll on release forces
The pressure of the pressure roll was changed during siliconization of CCK papers (S98) in order to
investigate the impact on release forces and on silicone anchorage to the paper. More silicone may be
pressed into small pores of the clay-coated paper at high pressures leading to defects in silicone coating
along with higher release forces. The pressure between the dosing and applicator roll was held constant
to 110 N and the coating speed was adjusted to 2 m/min for coat weights of ∼1.3 g/m² or 5 m/min for coat
weights of ∼2.6 g/m². The pressure of the pressure roll was changed to 200 N, 800 N and 1200 N (Figure
50).
Figure 50: Inﬂuence of pressure roll on release forces at different silicone coat weights. CCK papers
(S98) were siliconized by 3-roller system at 110 N and 2 m/min (red) or 5 m/min (black) with various
pressures of the pressure roll.
The pressure was also reduced to 50 N but this pressure was too low so that the paper was not completely
in contact with the applicator roll. Large uncoated areas occurred and as a consequence, release forces
of these papers could not be measured. It can be seen that the papers with low amounts of silicone
(∼1.3 g/m²) possess higher release forces and errors compared to papers having higher silicone coat
weights of about 2.6 g/m². This was also observed in previous sections and is most likely due to defects
in the silicone layer. In contrast, release forces are not affected by the pressure roll, but inﬂuenced the
rub-off. Anchorage of the silicone to the paper was poor at 200 N pressure, presented in a high rub-off.
No rub-off was detected at 800 N and 1200 N. This is because the silicone is pushed even into small
pores of the clay coat at high pressures which improves the mechanical anchorage of the silicone to the
paper and thus decrease the rub-off. One drawback of high pressure (1200 N) is that the handling is
of the coating process is inconvenient for the applicator. The sample carrier with the paper sheet must
be pushed between the applicator and pressure roll and this is difﬁcult at pressure of 1200 N. Inﬂuence
of pressure roll was also investigated for non-clay-coated paper (L90). This base paper has got an open
surface with large pores. Thus, the silicone is able to penetrate into the paper to more extent. This may
be enhanced by high pressures of the pressure roll and leading to higher release forces. Indeed, the
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release forces are signiﬁcantly increased to ∼7 N/25 mm compared to the CCK paper, but release forces are
similar for various pressures (Figure 51). The silicone is absorbed by the paper and less silicone stays on
the surface. Thus, the adhesive tape is not just in contact with silicone but also with ﬁbers which lead
to signiﬁcant higher release forces. Additionally, the adhesive is also able to penetrate into the paper
pores which increases the contact area and allows mechanical interlocking.[118] The silicone anchorage
is also improved by this process. The rub-off is good for all pressures. The pressure roll was adjusted to
800 N for further experiments, because 1200 N is difﬁcult to process and 200 N showed bad rub-off for
siliconized CCK papers.
Figure 51: Inﬂuence of pressure roll on release forces of siliconized base papers (L90). Porous base
papers were siliconized by 3-roller system at 110 N and 2 m/min with various pressures of the pressure
roll.
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5.4.5 Influence of paper roughness and silicone coat weight on release forces
The CCK papers (S98, DN135, DNC135) with various roughness were coated with different amounts of
silicone in order to investigate the inﬂuence of paper roughness and silicone coat weight on the release
forces. The release forces of siliconized papers are all below 0.25 N/25 mm and thus in the range of an easy
release. Nevertheless, papers which were coated with 2.3 g/m² possess lower release forces and smaller
errors compared to papers with 1.5 g/m² silicone coat weight (Figure 52). The inﬂuence of silicone coat
weight on release forces was most prominent for S98 papers.
Figure 52: Inﬂuence of paper roughness and silicone coat weight on release forces. Papers were sili-
conized by using stainless steel rollers at a pressure of 110 N with a coating speed of either 2 m/min or
5 m/min. The median roughness (Ra) of the siliconized papers was determined by WLI measurements
and is featured in blue colour.
Investigation of siliconized S98 papers by SEM reveals that the paper surface is very homogeneously
covered by the silicone at 2.3 g/m² (Figure 53, B). In contrast to this, defects in the silicone coating
were observed when less silicone is applied on the paper (Figure 53, A). No or signiﬁcantly less silicone
is present in these defects and the underlying clay-coating is visible. The adhesive comes in contact
with the clay-coating and this results in high release forces. In a next step, the inﬂuence of the paper
roughness on release forces was studied. The paper roughness differs, depending on the amount of clay
coating (S98 ←→ DNC135) as well as on paper calendering process (DN135 ←→ DNC135). Analysis
of the base paper roughness by white light interferometer showed that S98 paper (Ra = 1.3) carries
the highest paper roughness, followed by DN135 (Ra = 0.9) and lowest roughness was observed for
DNC135 (Ra = 0.8). The roughness after siliconization of 1.5 g/m² is reduced to 1.1 µm (S98), 0.8 µm
(DN135) and 0.6 µm (DNC135), but the differences are still visible. The release forces of DNC135 are
0.25 N/25 mm lower compared to S98.
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Figure 53: SEM images (topview) of siliconized S98 paper with 1.5 g/m² (A) and with 2.3 g/m² (B)
silicone. Coating defects in the silicone layer are visible at low silicone coat weights (A).
Nevertheless, other additives in the clay-coating of DN135 and DNC135, which cannot be disclosed in
detail, may also have a reducing effect on release forces. Considering papers with silicone coat weight of
1.5 g/m², it seems that the release forces correlate well with the median paper roughness. Nevertheless,
as the adhesion is mainly governed by the silicone, the main reason for this observation originates most
likely from defects in the silicone coating, which occur during the coating process. These defects arise,
because the thin silicone layer on the roller comes not in contact with the paper surface in some parts
due to its rough morphology and thus it was not transferred to the paper (Figure 54).
Figure 54: Schematic illustration of the formation of coating defects in silicone during roller coating.
The silicone on the roller is just partially in contact with the paper due to its roughness, which leads
to coating defects.
Less defects in the silicone coating were observed when the base paper roughness is decreased (Figure
55). The effect of calendering on release forces at ∼1.5 g/m² coat weight can be clearly seen. Peel-off
forces are reduced by 0.05 N/25 mm when the paper is calendered (DN135 ←→ DNC135). The clay-
coating is densiﬁed during calendering process leading to less open pores and a smooth surface. Thus,
the silicone will stay mainly on the paper surface and less defects in the silicone coating occur, which
leads to low release forces. However, even if the paper surface is completely covered by silicone without
defects the surface roughness may also inﬂuence the release forces due to a different silicone/adhesive
contact area. It is known from literature that depending on the roughness scale of the surface and the
glass transition temperature of the adhesive, release forces can be reduced or increased.[1,21,24] As the
roughness of our siliconized paper determined by AFM measurement was in the range of 20-50 nm, it is
not expected that release forces will be signiﬁcantly inﬂuenced by the latter.
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Figure 55: SEM images (topview) of S98 paper (A), DN135 (B) and DNC135 (C) coated with 1.5 g/m²
silicone.
The paper roughness is reduced to 0.5 µm, if 2.3 g/m² silicone is applied to the paper surface. The initial
paper roughness is thereby smoothened by the silicone and the release forces of all three papers are
similar. The inﬂuence of paper roughness on release forces at higher silicone coat weights (2.3 g/m²) is less
pronounced, because less defects occur in the silicone coating. Low release forces of about 0.08 N/25 mm
can be obtained by either using a calendered base paper with high amounts of clay coating (DNC135) or
by applying higher amounts of silicone on CCK paper with lower amounts of clay-coating (S98).
5.5 Siliconization of CCK papers and porous base papers
Siliconization of CCK papers (S98) and porous base papers (L40 and L90) was performed at various
roller pressures with stainless steel rollers in order to investigate the inﬂuence on silicone coat weight.
As in the preceding experiments, the silicone coat weight is reduced with increasing roller pressure
because less silicone is transferred from the dosing to the applicator roll (Figure 56).
Figure 56: Inﬂuence of pressure between dosing and applicator roll on the silicone coat weight of
various paper substrates at 2 m/min using stainless steel rollers. SEM images of siliconized L90 with
different silicone coat weights at 30 N, 50 N and 200 N. The silicone coat weight is reduced with
increasing roller pressure.
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SEM images of siliconized L90 show that the paper surface is closed to more extent with increasing
amounts of silicone, but paper structure and pores can be still seen even at high silicone coat weights.
Analysis of the silicone distribution on the paper surface by Si-EDX-mapping indicates that most silicone
is located on the ﬁbers and the ﬁber-ﬁber crossings (Figure 57).
Figure 57: Surface analysis of siliconized L90 with silicone coat weight of about 6.7 g/m² by SEM (A),
Si-EDX-mapping (B) and an overlaid image of SEM and Si-EDX-mapping (C).
The graph features an exponential increase of the silicone coat weight with decreasing roller pressure.
The silicone coat weight is just minor affected by roller pressures in the range of 110 N to 200 N, but
increases drastically at roller pressure smaller than 110 N. It can be seen that the amount of transferred
silicone is inﬂuenced by the paper substrate. Different amounts of silicone at same roller pressure were
applied to the various papers, which is due to a different surface coating. This behavior is most signif-
icant at low roller pressure of 30 N. Highest silicone coat weight was achieved for L40 (7.5 g/m²) and
approximately 0.8 g/m² less silicone was transferred to L90 which is probably due to the different sur-
face sizing of these papers. The porous papers exhibit different wetting behavior, which was previously
shown by contact angle measurements. Considering the non-clay-coated papers, the paper porosity may
also affect the silicone transfer, but just to a small part because the paper porosity of the respective paper
samples is similar as previously shown. Lowest silicone coat weight at 30 N roller pressure was obtained
for the CCK paper (S98). The reason for the different transfer rates of silicone to either CCK papers or
non-clay coated papers originates from the surface porosity. The surface of base papers is not closed and
carries huge pores in the range of 10 – 50 µm in which the silicone can be absorbed. Thus, almost com-
plete silicone is transferred and pushed from the applicator roll into the paper in this case. In contrast,
CCK papers just have small pores (<1 µm) and the paper surface is closed rather by pigments. Hence,
less silicone is absorbed by the paper and huge part of the silicone stayed on the applicator roll. These
results are very useful in order to precisely adjust the silicone coat weight for various paper substrates by
simply changing the roller pressure. In a next step, release forces of siliconized papers were measured.
Evaluation of peel off experiments from siliconized CCK papers revealed that release forces reached a
minimum of ∼0.05 N/25 mm with increasing silicone amount (Figure 58).
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Figure 58: Inﬂuence of silicone coat weight on the release forces of various papers. Papers were
coated at 2 m/min using stainless steel rollers. The release forces are reduced with increasing silicone
coat weight.
Silicone coat weights above 1.2 g/m² does not lead to remarkably lower release forces for CCK paper,
because the paper is almost completely covered by silicone (Figure 59).
Silicone coat weights smaller as 0.7 g/m² leads to an increase of release forces to ∼0.9 N/25 mm. This is
because the paper surface is not fully covered by silicone and the adhesive tape comes in contact with
the clay in some parts leading to higher release forces. Hence, a minimum coat weight of 1 g/m² is
necessary for easy release applications. Release forces of L90 with similar coat weights are signiﬁcant
higher compared to S98. Release forces up to 5 N/25 mm were obtained for L90 and can be considered
as high. In addition, paper is partially destroyed during peel-off which makes this paper improper for
release liner applications. This is because major part of the silicone is pushed into the paper pores and
does not stay on the paper surface. Some pores are closed by the silicone, but several pores remain open
(Figure 59). The adhesive is pushed into them and comes in contact with the ﬁbers leading to higher
release forces. More pores are closed at higher silicone amounts and the penetration of the adhesive
into the paper is diminished which results in lower release forces. Nevertheless, even at high silicone
coat weights (>4 g/m²) the release forces are higher compared to CCK paper which is likely due to a
mechanical interlocking of the adhesive into paper pores and a rougher surface, respectively.
Release forces of L90 behave similar to L40 depending on the silicone amount, but it seems that the peel-
off forces at same coat weights are higher compared to L40. The range in which the release forces of the
base papers are inﬂuenced by the silicone amount is larger as compared to CCK paper. The silicone coat
weight on CCK papers shows an inﬂuence on release forces beneath a threshold of <1.2 g/m², whereas
release forces of siliconized base papers (L40, L90) are affected starting from coat weights of <4 g/m².
For this reason, a smooth and closed surface is required to get good release properties with a minimum
amount of silicone. It should be noted that release forces correspond to the silicone coat weight and they
are exponentially reduced with increasing silicone amount. Strongest increase of release forces for base
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Figure 59: SEM images (topview) of various papers before (top) and after siliconization of ∼1.2 g/m²
(bottom).
paper was observed at a silicone coat weight of <1.2 g/m² as for the CCK paper. This value seems to be a
threshold, the silicone coat weight should not fall below this value. The silicone coat weight as well as
release forces can be precisely tailored for various papers with this results.
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5.6 Analysis of siliconized papers by FT-IR and contact angle
Next, the chemical identity of siliconized papers was investigated by FT-IR. As an example, spectra of
L40 base paper before and after siliconization are compared (Figure 60, A). Most signals of the non-
siliconized base paper are still visible because the paper surface is not completely covered by silicone
which was also shown by SEM images. New signals arise from the silicone coating at 1260 cm-1 coming
from CH3 deformation and at 796 cm
-1 assigned to Si-C stretching of Si-CH3 group. One more new
small signal at 2965 cm-1 can be ascribed to CH3 asymmetric stretching vibration of Si-CH3 group.
Additionally, the absorption band of Si-O-Si appearing at around 1020-1074 cm-1 may be overlaid by
the signal at 1024 cm-1.[119] As a candidate for CCK papers, S98 was investigated by FT-IR. Signals from
the uncoated CCK paper at 3668 cm-1 and 993 cm-1 are still visible after silicone coating (Figure 60,
B). Same signals representing the silicone coating were detected for siliconized CCK paper as for the
siliconized L40 paper. New signals show up at 2965 cm-1, 1260 cm-1 and 796 cm-1 which are assigned
to the silicone coating. Characterized FT-IR absorption bands of silicone are summarized and featured
in detail (Table 8). The contact angle is increased for CCK papers (S98, DN135, DNC135) but decreased
for sized base papers (L40, L90) after silicone coating.
Figure 60: Comparison FT-IR spectra of L40 (A, black) and S98 paper (B, black) and after silicone
coating of 1.4 g/m² (red).
Table 8: Detailed overview of the FT-IR absorption bands from silicone coating.
Paper Wavenumber/ cm-1 Assignments
L40 + S98 2965 CH3 asymmetric stretching vibration of Si-CH3
1260 Si-O-Si stretching vibration
1020 CH3 deformation of Si-CH3
796 Si-C stretching of Si-CH3
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5.7 Conclusion
At the ﬁrst part of the thesis, a method was developed to accurately determine the silicone coat weight
on different reference paper sheets. Best results for determination of coat weights were obtained by
weighing the papers prior and after coating, which was conﬁrmed by SEM cross sections of siliconized
papers. The inﬂuence of various coating parameters on the silicone coat weight was investigated. In
detail, the coating system, roller pressure as well as coating speed were changed and silicone amount
on CCK paper was determined. The silicone coat weight is reduced with increasing roller pressure
and decreasing coating speed. Following this ﬁnding, the 3-roller system was selected as the most
appropriate method to obtain low, and controlled silicone coat weight. Further investigations were
focused on coatings with combinations of different roller materials in order to reduce the silicone coat
weight. The desired coat weight in the range of 1 – 1.4 g/m² was reached by using stainless steel rollers
at a pressure of 110 N and a coating speed of 2 m/min. This coat weight ﬁts to industrial produced release
liner. Coating experiments at different coating pressures were also conducted on non-clay coated and
porous base papers. The silicone coat weight is reduced with increasing roller pressure, but the papers
show different silicone coat weights at same coating conditions. Signiﬁcant more silicone was absorbed
by the base papers (L40, L90) in contrast to the CCK paper (S98). This is because more silicone can be
pushed into the paper pores which is not possible at CCK paper, because the pores are closed by the clay.
Important point for a release liner is how much force is needed in order to remove an adhesive tape from
the siliconized paper. Thus, peel off experiments were performed which showed that release forces are
decreased with increasing silicone coat weight. High release forces arise when the adhesive tape comes
in contact with parts of ﬁbers or the clay-coating, which was not siliconized. Such defects of the silicone
coating were shown by SEM images. Release forces are signiﬁcantly increased for silicone coat weights
smaller than 1.2 g/m². In addition, release forces of base paper are signiﬁcantly higher compared to CCK
paper. An explanation for this is that most part of the silicone is absorbed by the paper and paper pores
are still open. The adhesive tape penetrates into these pores leading to mechanical interlocking and
comes in contact with non-siliconized parts of the paper resulting in high peel off forces. Thus, a closed
and smooth surface is required to produce a release liner with easy release properties from a minimum
amount of silicone coated on top of the paper.
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6 Towards a silicone-based release liner starting from a porous base paper
Base papers (L40, L90) were directly coated by solvent-free silicone in order to investigate release forces.
As previously shown, peel-off forces of about 3 N/25 mmwith silicone coat weight of approximately 1.0 g/m²
were achieved for porous base papers. This is high compared to siliconized CCK papers. Additionally,
the errors are large and the paper was partially destroyed during peel-off. The reason for this may be
that the silicone is absorbed by the paper and does not stay on the paper surface. A silicone coat weight
of 4 g/m² is required in order to obtain low release forces comparable to CCK papers. This speciﬁc coat
weight is too high and not economic, from a resource-saving point of view. Release liner coated in this
way are therefore not appropriate for release liner applications. Thus, new ways for the production of a
release liner starting from a porous base paper needed to be explored.
6.1 Siliconization of base paper by mixtures of silicone and talcum
As a ﬁrst step, the porous base papers should be coated by a mixture of silicone and talcum with different
particle sizes according to an experiment performed by Sappi in the year 2002. In this trial, a water-
based silicone was mixed with about 40wt% talcum and applied on the porous base paper by blade
coater. Release forces obtained by this coating mixture were as low as common release liner on CCK
paper. The talcum presumably act as a barrier in order to reduce silicone absorption into the paper.
Additionally, a release liner is commonly produced in two individual production steps, namely closing
paper pores by a pigment coating followed by calendering steps and applying the silicone coating to get
the ﬁnal release liner. These two steps may be combined within one production process by using the
method mentioned above, which decreases costs. The idea behind this approach is, that the pigments
are mechanically retained on the paper surface by the cellulose ﬁbers and silicone penetration into the
paper is reduced (Scheme 13). This should lead to lower release forces compared base papers siliconized
without any pigments.
Scheme 13: Schematic representation of silicone penetration into paper without any pigments (left)
and with talc particles (right).
6.1.1 Roller coating of solvent-free silicone/talcum mixtures on porous papers
In previous experiments performed by Sappi, water-based silicone was mixed with talcum and used as
release coating. Nevertheless, solvent-free silicone may also be mixed with talcum and applied on base
paper to reduce release forces compared to pure silicone coating. SEM images of talcum (Talcum T1
CA) features particle sizes ranging from 4-12 µm (see Appendix, Figure 109). This talcum is named as
talcum (8 µm) in further experiments. Solvent-free silicone was mixed with 20wt% or 40wt% talcum
(8 µm), respectively and coated on porous base paper by roller coater using stainless steel roller at
constant coating conditions (110 N, 2 m/min). This coating method was used instead of blade coating in
order to obtain low coat weights. It can be seen that the coat weight is raised with increasing talcum
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content, because more talcum is transferred to the paper (Figure 61, A). In addition, talcum has a higher
density (2.8 g/cm3 [120]) compared to silicone (1.0 g/cm3 [111]) which also increases the coat weight. About
0.3 g/m² more coating were transferred to L40 compared to L90 which was previously observed and is
most likely due to a different sizing of the base papers. It has to be mentioned that the talcum was poorly
transported from the storage pan to the roller in the solvent-free silicone and ﬁnally to the paper. Huge
part of the talcum settled down in the storage pan during coating. Thus, just a minor part of the talcum
was transferred to the paper. This may explain that release forces of papers coated with 20wt% and
40wt% are similar compared to the reference without any talcum (Figure 61, B). Release forces of about
3.5 N/25 mm were obtained for siliconized L40 as well as for silicone mixtures with talcum (8 µm). Higher
release forces were measured for coated L90 papers (6.0 N/25 mm), because less silicone was transferred
compared to L40. These speciﬁc release forces are too high for release liner applications. Moreover,
the standard deviations were increased when talcum is mixed to the silicone. This may originate from a
rougher surface due to the talcum pigments. SEM analysis of siliconized base papers show that the paper
surface is just partially closed by silicone and many open pores remained (Figure 62). Some pigments
can be seen on the cellulose ﬁbers when the silicone is mixed with talcum, but most talcum particles
stayed in the storage pan and just minor part was transferred to the paper. Thus, the paper surface was
not closed to more extent when talcum is added to the silicone and huge part of the silicone penetrates
into the paper. The adhesive tape is able to creep into the paper pores which leads to high release forces
as discussed above. Thus, mixtures of solvent-free silicone with talcum can not be used in order to
produce a release liner with appropriate release forces.
Figure 61: Inﬂuence of talcum content on the coat weight (A) and on release forces (B) of L40 and
L90 base papers. The silicone coat weights of L40 papers are about 0.3 g/m² higher compared to L90.
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Figure 62: SEM images (topview) of L40 coated with pure silicone (A), silicone + 20wt% talcum
(8 µm) (B) and silicone + 40wt% talcum (8 µm) (C). Most silicone is pushed into the paper pores
and the paper surface is just partially closed by the silicone mixtures.
6.1.2 Roller coating of water-based silicone on various papers
In another experiment, water-based silicone was mixed with talcum (8 µm) and applied on the porous
base papers by roller coater. The solid content of this speciﬁc silicone was determined to about 50wt%
by a drying balance. The water-based silicone showed an instability in ﬁlm formation on the rollers,
which is known in literature as ribbing (Figure 63).[121,122] This formation of stripes originates from
hydrodynamic effects of the coating. The tendency to form ribs can be estimated by the capillary number.
In general, a higher capillary number, which is correlated to a higher coating speed, as well as a high
viscosity and low surface tension support the formation of a ribbing structure.[123–125] This phenomenon
may result in an inhomogenous coating ﬁlm on the paper, which has to be investigated.
Figure 63: Incomplete wetting of the stainless-steel rollers by water-based silicone due to ribbing
effects.
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First, the inﬂuence of the roller pressure between dosing roll and applicator roll on the silicone coat
weight was studied in order to adjust the silicone coat weight. As one can infer from ﬁgure 64, the
silicone coat weight is increased with decreasing roller pressure for all paper samples.
Figure 64: Inﬂuence of roller pressure between the dosing and applicator roll on the silicone coat
weight of water-based silicone on various paper substrates.
More silicone is transferred from the dosing roll to the applicator roll, if the pressure between them is
reduced. This was also observed when applying solvent-free silicone. Thus, water-based silicone coat
weight can be adjusted by changing the roller pressure. The amount of how much silicone is transferred
from the applicator roll to the paper surface depends on the paper substrate. Considering a similar roller
pressure, most silicone was coated on L40 paper, followed by L90. As for the solvent-free silicone, the
different silicone transfer rates of L40 and L90 is presumably due to a different surface sizing. Lowest
amount of silicone was transferred to the CKK paper S98, because the paper surface is closed by pigments
and just small pores remain. Thus, small amount of silicone is absorbed by the paper. The silicone coat
weights at 50 N and 90 N for L90 should be closer to coat weights of L40. This probably occurred due
to inhomogeneous silicone distribution on the roller during coating process. Signiﬁcant less silicone is
applied to the paper compared to the solvent-free silicone. One reason is a lower solid content of the
water-based silicone and another reason may be the instability in ﬁlm formation on the roller. In order
to investigate the silicone coverage on the surface, papers were analyzed by SEM (Figure 65). It can
be seen that a huge part of the paper is covered by silicone. Nevertheless, all paper samples show an
inhomogeneous coating which is displayed by uncoated stripes on the paper surface. These stripes were
previously observed on the roller during coating process and transferred to the paper.
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Figure 65: SEM images (topview) of L40 (A), L90 (B) and S98 (C) coated with water-based silicone
at 30 N roller pressure and 2 m/min coating speed at different magniﬁcations. Papers are inhomoge-
neously coated by the silicone due to ribbing on the rollers.
Still, release forces of papers which were coated by water-based silicone were measured (Figure 66).
Release forces were reduced, if the silicone coat weight is increased. This behavior was also observed
for solvent-free silicone. The adhesive tape is in contact to silicone to more extent when the silicone
coat weight is increased. This leads to lower release forces. Additionally, paper pores are closed by the
silicone and penetration of the adhesive tape into paper pores is diminished. Nevertheless, peel-off forces
of papers which were coated by water-based silicone are high and errors are large compared to similar
coat weights of solvent-free silicone systems. For example, about 2 g/m² solvent-free silicone is necessary
to obtain release forces of 2 N/25 mm. For those release forces, silicone coat weights between 3 and 4 g/m²
of the water-based silicone are required. Even the CCK paper S98 which does not have large big paper
pores shows high release forces in the range of 4 to 9 N/25 mm. In this case, it has to be mentioned that
the maximum silicone coat weight was smaller than 0.8 g/m². Nevertheless, release forces of solvent-free
silicone with similar coat weights are signiﬁcant lower with respect to the water-based system, with
one exception. The S98 paper which is coated with 0.7 g/m² showed release forces of 0.4 N/25 mm which
is comparably low. The silicone coating on this paper was presumably more homogeneous leading to
lower release forces and smaller standard deviation. It was not possible to measure the release forces of
L40, because these papers suffer from a weak stability due to its low thickness and they were partially
destroyed during peel-off. The biggest drawback of the water-based silicone system is an inhomogenous
wetting of the rollers, which leads to an incomplete coating of the paper. The adhesive tape is coming
into contact with parts of the paper which were not siliconized leading to a signiﬁcant increase in release
forces. In order to circumvent these limitations, 0.75wt% of hydroxyethyl cellulose (HEC) related to the
amount of silicone was added as a surfactant in order to help improving roller wetting.
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Figure 66: Inﬂuence of silicone coat weight on release forces. The release forces are reduced with
increasing silicone coat weight.
Silicone coat weights were increased by about 0.2 g/m² by addition of HEC, but the rollers were still not
completely covered by the water-based silicone (Figure 67). The higher silicone transfer is attributed to
thickening effects of the silicone by the HEC. It can be seen from SEM images that the inhomogenous
wetting on the rollers still leads to coating defects on siliconized S98 papers. Hence, it was not possible
to ensure a homogeneous silicone coating by addition of HEC.
Figure 67: Inﬂuence of dispersion additive (HEC) on silicone coat weight (A). SEM image of sili-
conized S98 paper (B) with 0.75wt% HEC showing an inhomogenous coating.
Another approach in order to improve the coating homogeneity was performed by multiple coating
cycles of S98 papers (Figure 68). The silicone coat weight was increased with every coating step and
the release forces were signiﬁcant decreased even after second coating cycle. This is attributed to more
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homogeneous coverage of the paper by silicone, which was also shown by SEM analysis. Thus, the
adhesive is in intimate contact with the silicone coating which results in low release forces. This method
represents a way to obtain homogeneous silicone coatings by multiple coating cycles. Nevertheless,
this method is in contradiction to the preceding aim in which two individual coating steps should be
combined into one. Despite the fact, that the papers were insufﬁciently covered by pure silicone, talcum
was added to the silicone and applied on paper in the next step. The coating homogeneity may be
improved by the addition of talcum, because it will also positively inﬂuence the rheological properties of
the silicone coating formulation.
Figure 68: Inﬂuence of multiple coating cycles of S98 on silicone coat weight and release forces (A).
Papers were coated at 30 N and 2 m/min by using stainless-steel rollers. SEM micrographs (topview)
of S98 paper after third coating cycle (B). Voids in the silicone coating are still visible
6.1.3 Roller coating of water-based silicone/talcum mixtures on different paper substrates
After detailed investigations of the coating procedure of water-based silicone and the inﬂuence on coat
weights and release forces, the silicone was mixed with different amounts of talcum (8 µm) in the next
step. Porous L90 paper was coated by silicone/talcum mixtures containing 20wt% and 40wt% talcum
related to the amount of silicone. The mixtures were also applied on clay-coated S98 paper as a reference
in order to investigate the inﬂuence of talcum content on release forces on a closed paper surface. As
one can infer from ﬁgure 69, A, the coat weight is raised with increasing talcum content for both papers.
More coating is transferred to L90 as compared to S98, because the silicone mixture is pressed into
the open pores of the paper. Maximum coat weights of about 2 g/m² were achieved for S98 and about
5 g/m² for L90 with a talcum content of 40wt%. It has to be considered that 60% of the coat weights are
attributed to the silicone amount. Thus, papers coated with 40wt% talcum contain about 1.2 g/m² silicone
for S98 or about 3 g/m² silicone for L90, respectively. This calculation is valid with the assumption that
the silicone/talcum mixture is transferred in the same ratio to the paper as in the storage pan. Indeed,
sedimentation of the talcum in the storage pan was not observed in contrast to the solvent-free silicone.
This is because talcum has a high afﬁnity to water and the water is adsorbed from the talcum particles
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Figure 69: Inﬂuence of talcum content on the coat weight (A) and on release forces (B) of S98 and
L90 paper. Coatings were applied by roller coater at 2 m/min coating speed and 110 N roller pressure.
The release forces are reduced with increasing coat weight.
leading to a stable suspension.[126] The viscosity of the silicone is also increased when talcum is added.
This leads to higher coat weights, because more coating is transported by the rollers to the paper.
In the next step, the release forces of the coated papers were studied (Figure 69, B). The release forces
were reduced with increasing talcum content for both papers, because more silicone is transferred to
the paper and the silicone stays on the surface in most parts. SEM analysis of the coated papers shows
that the porous surface of L90 is increasingly closed with higher talcum content, but paper surface still
exhibits some open pores (Figure 70).
Figure 70: SEM images (topview) of L90 coated with mixtures of water-based silicone and 20wt%
talcum (8 µm) (A), 40wt% talcum (8 µm) (B) and S98 coated with water-based silicone and 40wt%
talcum (8 µm) (C) at 110 N roller pressure and 2 m/min coating speed at different magniﬁcations.
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The coating is mechanically retained on the paper surface to more extent due to the talcum particles.
Furthermore, ﬂow of the coating mixture into the paper is diminished by the increased viscosity. Despite
the fact that the paper pores are closed in most part, release forces of L90 with 40wt% talcum of about
4 N/25 mm are still high compared to common silicone release liner. This may be explained, because paper
roughness is increased by the talcum particles which was observed in SEM images. It seems that the
talcum particles accumulate leading to a rough surface. Thus, the contact area of the adhesive tape to
the paper surface is increased compared to a smooth siliconized CCK paper which may lead to higher
release forces. Additionally, the adhesive penetrates into some small open pores, which results in high
release forces. Nevertheless, the error of release forces is signiﬁcantly reduced compared to coated paper
with pure water-based silicone (Figure 66) comparing same coat weight of 3 g/m². This is because the
silicone is retained on the paper surface to more extent and paper pores are blocked.
As a reference experiment, release forces of talcum/silicone mixtures on a smooth clay-coated paper
(S98) were studied (Figure 69). It can be seen, that release forces were reduced with higher coat
weights but the errors were increased. Lower release forces were obtained, because the paper surface is
covered by silicone to more extent. Nevertheless, some uncoated areas on the paper occur which lead to
huge errors.
Additionally, the rollers were still not complete covered by the coating mixture (Figure 71) and the
mixture leaked out of the storage pan, especially at 40wt% talcum content due to the high viscosity.
Nevertheless, other talcum particles with an averages particle size of 2 µm and 4 µm were mixed with
silicone and coated on paper by roller coater in order to investigate the release forces. Smaller particles
may lead to a stable suspension and improved wetting of the rollers. Maximum talcum content of
10wt% for talcum (2 µm) and 20 wt% for talcum (4 µm), respectively were used for paper surface
coatings. Mixtures of higher talcum content were not applicable, because of high viscosity and leaking
issues.
Figure 71: Incomplete wetting of the stainless-steel rollers by water-based silicone due to ribbing
effects (A). Mixture of water-based silicone and 40wt% talcum (8 µm) is leaking out of the storage
pan during coating (B).
74
In order to study the inﬂuence of different talcum particles on release forces, coat weights of about 2 g/m²
were compared (Figure 72). The rollers were still not homogeneously wetted by the coating. Neverthe-
less, all release forces were reduced, once talcum is added to the silicone with respect to the reference
(0wt% talcum). Especially, talcum (2 µm) and talcum (8 µm) reduce the release forces from 12 N/25 mm
to 8 N/25 mm, respectively. Silicone coverage is improved by addition of talcum and the adhesive/silicone
contact area is increased leading to lower release forces. Additionally, many paper pores are closed by
the coating and penetration of the adhesive tape into paper pores is reduced.
Figure 72: Coating of water-based silicone mixed with different talcum particles on L90 papers and
determination of the release forces.
Analysis of the coated paper surface by SEM presents the paper surface which is covered by pure silicone
(Figure 73, B) or silicone/talcum mixture (Figure 73, A). The paper surface with the talcum mixture
seems to be rougher which is induced by the particles. The resulting release forces of 8 N/25 mm are too
high for release liner applications. High release forces were induced by the arising micro-roughness and
open pores on the paper surface. Additionally, the inhomogeneous wetting of the roller lead to defects
in the coating. Thus, this coating procedure is less appropriate for coating of silicone/talcum mixtures.
The mixtures have to be applied on paper by blade coating method in order to overcome these issues.
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Figure 73: SEM images (topview) of L90 paper coated by roller coater (30 N, 2 m/min) with water-
based silicone (A) and silicone mixed with 10wt% talcum (2 µm) (B) at different magniﬁcations.
6.1.4 Blade coating of water-based silicone/talcum mixtures on different paper substrates
The mixtures of water-based silicone and talcum were not homogeneously applied on the paper surface
by roller coater, because of an inhomogeneous coverage of the rollers. Thus, in order to receive better
coating results, water-based silicone mixed with various talcum particles was applied by blade coater
ﬁrst on L90 papers. For this, the blade with the smallest gap size of 50 µm was selected in order to
obtain low coat weights. Water-based silicone coating without any talcum gave a coat weight of about
9 g/m², which is high compared to common coat weights in release liner applications (1 g/m²) (Figure 74).
As a result of the high coat weights, the release forces were very low and comparable to siliconized CCK
papers. Analysis of the coated paper surface by SEM showed that almost all pores were closed by the
silicone (Figure 75, A). Thus, the adhesive tape is in complete contact with silicone and penetration of
the adhesive into open paper pores is prevented. If talcum was added to the silicone, the coat weight
was increased in all cases due to a higher viscosity. It has to be mentioned that maximum talcum
content of 10wt% was applicable for talcum with a particles size of 4 µm and 2 µm, respectively. Higher
concentrations were not suitable for blade coating, because the coating mixture got stuck on the blade
and the coating was not transferred to the paper surface. The talcum should reduce silicone penetration
into the paper and should lead to a closed paper surface. This behavior could not be conﬁrmed by this
measurement, because paper pores were blocked even if the paper was coated by silicone without any
talcum. Even more, the release forces were slightly increased to about 0.5 N/25 mm, if talcum is added to
the silicone. This is probably due to a rough surface which is depicted in the SEM images (Figure 75, B).
The coat weight has to be further reduced by using blades with smaller gap sizes in order to investigate
the ability of the talcum to prevent silicone penetration into the paper. The lab blade coater in our
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Figure 74: Application of mixtures of water-based silicone and different sorts of talcum by blade
coater (50 µm, 50 mm/s) and determination of the release forces.
institute is not appropriate in order to reach low coat weights in the range of 1-2 g/m². The preceding
experiments showed that talcum can be used as a viscosity modiﬁer in order to reduce penetration of
the silicone into the paper. Thus, as a last step the inﬂuence of the different talcum sizes on the viscosity
will be analyzed.
Figure 75: SEM images (topview) of L90 paper coated by blade coater (50 µm, 50 mm/s) with water-
based silicone (A) and silicone mixed with 10wt% talcum (2 µm) (B) at different magniﬁcations.
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6.1.5 Determination of viscosity of silicone/talcum mixtures
The viscosity of the water-based silicone and silicone/talcum mixtures at different shear rates was in-
vestigated by Brookﬁeld viscometer (Figure 76). The shear rate correlates with the spindle speed. An
increase of the spindle speed leads to an increase of the shear rate. The pure silicone has the lowest
viscosity of about 150 mPas at slow spindle speed (15 rpm). The viscosity is decreased to about 60 mPas
at 120 rpm. The addition of talcum leads to a signiﬁcant increase of the viscosity, especially at low shear
rates. The effect of the talcum on the viscosity is less distinct at high shear rates. All mixtures show a
decreasing viscosity with increasing shear rate which corresponds to a thixotropic behavior. Highest vis-
cosity of about 27.000 mPas was obtained for the silicone/talcum mixture with the highest solid content
of 40wt% talcum (8 µm), followed by 10wt% talcum (2 µm) with a highest viscosity of 18.000 mPas.
This mixture contains 30wt% less talcum but the talcum with the smallest particle size has the highest
surface area and thus the strongest impact on the viscosity. The viscosity is mainly governed by the
particle size and particle size distribution, but it is also inﬂuenced by the particle shape.[127] The impact
of particle size on viscosity is also visible when comparing the viscosity of 10wt% talcum (4 µm) and
20wt% talcum (8 µm). The viscosity of the smaller talcum particles is higher compared to 20wt% talcum
(8 µm), although double amount of talcum is mixed with the silicone. The mixtures of 40wt% talcum
(8 µm) and 10wt% talcum (2 µm) with silicone seems to be the best one in order to reduce silicone
migration into the paper due to a high viscosity. Thus, the latter mixtures should be used for further
experiments after optimization of the coating process in terms of homogeneous coating and low coat
weight, respectively.
Figure 76: Determination of the Brookﬁeld viscosity of different mixtures of water-based silicone and
talcum at 25°C.
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6.2 Siliconization of pre-coated base papers
In previous experiments, it was shown that closing paper pores is essential in order to receive low release
forces. Penetration of the adhesive tape into paper pores has to be prevented so that the adhesive is not
able to mechanical interlock with the paper, leading to high release forces. Additionally, the adhesive will
not come in contact with parts of the paper which were not covered by silicone. The siliconized surface
should be as smooth as possible because roughness increases the release forces due to an incomplete
silicone coating.
As a next strategy, we focused on polymeric pre-coatings prior to siliconization. The paper pores should
presumably be closed by polymeric pre-coats. These speciﬁc pre-coats should act as a barrier in order to
prevent silicone absorption into the paper afterwards. The silicone should stay on the paper surface and
a homogeneous layer should be formed. In detail, synthetic polyvinyl alcohol with degree of hydrolysis
of 88% (PVA88%) and 99% (PVA99%) as well as bio-based hydroxyethyl cellulose (HEC) and methyl
cellulose (MC) are used in order to close the paper surface. The pre-coat should substitute the more
complex clay-coating. The polymers should carry OH-groups that the cellulose ﬁbers are able to generate
hydrogen bonds to the coating and increase ﬁlm stability. The solvent-free silicone will be used for
the experiments because no complications showed up during coating process with this speciﬁc silicone
system and it is commonly used in industry. The following results were partially published in Cellulose
in 2018.[98]
6.2.1 Applying pre-coats by a roller coater
The polymeric pre-coats (HEC, MC, PVA88%, PVA99%) were dissolved in water at a concentration of
7 wt%. Polymer concentrations above 7 wt% could not be obtained because the polymers do not dissolve
completely. The polymeric solutions were applied to the paper by roller coater. The pressure between
the rollers was adjusted to 30 N in order to get the highest possible coat weight. After the ﬁrst coating
cycle, about 0.4 g/m² coat weight for L40 and 0.7 g/m² coat weight for L90 were obtained, which is rather
low (Figure 77). Typical barrier coat weights of about 2.0 g/m²[63] are used for glassine papers. Thus, the
papers were coated multiple times by the polymers at one side under the same coating conditions (30
N, 2 m/min) in order to increase the coat weight. Both papers show a linear increase of the coat weight
after several coating steps. The coat weight can be adjusted by the number of coating cycles by using
this method.
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Figure 77: L40 (A) and L90 (B) papers are coated multiple times by a roller coater with various
pre-coats (7wt%) in water under the same coating conditions (30 N, 2 m/min). The coat weights is
increased with multiple coating cycles.
It can be taken from SEM images that the paper pores got closed to more extent, if multiple coating
cycles were applied (Figure 78). It can be seen that less amount of polymer was transferred to L40
compared to L90 which is most likely due to the different sizing of the papers. This is in accordance
to the preceding experiments, because more silicone was applied to L40 paper compared to L90 paper.
However, coat weights of MC for L40 papers were signiﬁcantly higher compared to the other polymers,
which may be due to a different polarity and rheological property of the MC solution. The coat weights
transferred to L90 papers were similar considering same coating cycles.
Figure 78: SEM images (topview) of L40 paper surface ﬁrst coating cycle (A), second coating cycle
(B) and third coating cycle with PVA88% (C). The papers were coated three times by a roller coater
under the same coating conditions (30 N, 2 m/min). The paper surface is increasingly closed.
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Higher coat weights could be obtained by additional coating steps, but the paper got stuck to the roller
after a third coating cycle which led to partial creasing of the paper sheet. The coat weight may also be
increased by changing the roller material from stainless-steel to a soft material, because the rollers can
be deformed to more extent. It has to be mentioned that the stainless steel roller were not completely
wetted by the polymeric solutions, which was also previously observed for the water-based silicone. This
phenomena is attributed to an instability in ﬁlm formation, also known in literature as ribbing.[121,122]
Thus, the homogeneity of the paper coating was studied by SEM analysis (Figure 79). The paper surface
of the uncoated L90 paper possesses large pores (Figure 79, A). Many pores of the paper were closed
after applying the ﬁlm-forming HEC (Figure 79, B) or PVA88% (Figure 79, C). The bio-based HEC seems
to be competitive to the synthetic PVA in terms of closing paper pores. SEM images of L90 papers coated
by MC or PVA99% show similar results (see Appendix, Figure 110). Nevertheless, the surface of the
paper was not homogeneously closed by the pre-coat and some open pores remain. The inhomogenous
ﬁlm formation on the paper is attributed to the instability in ﬁlm formation on the roller. Additionally,
the applied polymers may posses a different wetting behavior on the rollers, which may inﬂuence the
homogeneity of the coating on the paper, too. However, this assumption could not be conﬁrmed by SEM
analysis. In order to overcome the inhomogenous roller wetting, papers were coated by a lab blade
coater in the next step.
Figure 79: SEM images (topview) of L90 paper surface without any pre-coat (A), coated by 2.5 g/m²
HEC (B) and coated by 2.6 g/m² PVA88% (C). The papers were coated three times by a roller coater
under the same coating conditions (30 N, 2 m/min). Figure reproduced with permission from refer-
ence.[98]
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6.2.2 Applying pre-coats by a blade coater
The polymers (PVA88%, PVA99%, HEC, MC) were again dissolved in water to a ﬁnal concentration of
7wt% and applied on the base papers by a lab blade coater in a single step. The corresponding blade
gap sizes of 50 µm and 100 µm were used in order to obtain coat weights in the range of 0.8 - 2.3 g/m².
Investigations of the paper surface by SEM after coating showed that mainly all pores were closed by the
polymeric pre-coat (Figure 80). In contrast to the coating results of the roller coater, in this case, the
paper surface was more homogeneous covered by the barrier coating. This was also observed for pre-
coated L40 papers. The ﬁber structure was still visible, but just small pores remain. The paper surface
was in contact with the coating solution over the complete paper width during coating process. Thus,
the whole surface was coated by the polymeric pre-coat and wetting issues of the roller coater could be
circumvented. The bio-based polymers HEC (C) and MC (D) seem to close the paper pores as good as
the synthetic PVA88% (A) and PVA99% (B). Penetration of the silicone into the paper was prevented and
the silicone stayed on the closed paper surface in most parts. The silicone coating was applied on the
pre-coated papers in the next step by using the roller in order to produce the release liner.
Figure 80: SEM images (topview) of L90 paper coated by PVA88% at 2.2 g/m² (A), PVA99% at 2.0 g/m²
(B), HEC at 1.9 g/m² (C) and MC at 2.3 g/m² (D) by a blade coater at different magniﬁcations. The
paper surface is homogenously closed by the various polymers. Figure reproduced with permission
from reference.[98]
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6.2.3 Siliconization of roller-coated papers
The pre-coated papers applied via roller coater were coated with solvent-free silicone by using the roller
coater (110 N, 2 m/min) in order to study the barrier properties of the used polymers. The silicone was
thermally cured by IR-dryer and hot-air dryer (1 min at 150 °C). The silicone transfer was studied as a
function of the coat weight of the pre-coatings. It can be seen from the ﬁgure that about 0.3 g/m² more
silicone was transferred to the L40 paper (A) compared to L90 paper (B) (Figure 81).
Figure 81: Inﬂuence of polymer pre-coat on silicone coat weight of L40 (A) and L90 (B) papers.
The various pre-coats (7wt%) dissolved in water are applied by roller coater (30 N, 2 m/min) and the
silicone was coated by a roller coater (110 N, 2 m/min). The silicone coat weight is decreased with
increasing pre-coat weight.
This behavior is attributed to the different sizing of the papers as discussed before, because the paper was
not homogeneously covered by the coating and open pores still remain. If silicone was applied on the
pre-coated papers, the silicone coat weight was decreased with increasing pre-coat weight. For instance,
the silicone coat weight was reduced from 1.5 g/m² for the untreated L40 paper to about 0.6 g/m² by using
2.0 g/m² PVA99% or MC. This speciﬁc behavior was observed for all pre-coated L40 and L90 papers and
was independently from the used polymers for pre-coating. It seems that reducing silicone coat weight
with increasing pre-coat weight is less distinct for HEC in contrast to PVA88%, which may be due to
differences in surface chemistry. The coatability of the paper surface is most likely governed by surface
energy and surface porosity[57]. The hydrophilic pre-coats on the paper surface may impair the wetting
behavior of the hydrophobic silicone leading to less silicone transfer. Additionally, decreasing silicone
coat weight on pre-coated papers may originate from a decreasing amount of open pores on the paper
surface and a reduced surface porosity. As previously shown in SEM images, the paper pores were closed
to more extent when an increasing amount of polymer was applied to the paper surface. Thus, less
silicone was pushed into the paper pores leading to less silicone transfer compared to the reference.
SEM analysis of the paper surface showed that open pores remain on the untreated reference paper
as well as for the pre-coated papers after siliconization (Figure 82). The adhesive tape may penetrate
into these pores leading to high release forces. Nevertheless, the barrier properties of the pre-coat to
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Figure 82: SEM images (topview) of L90 papers coated by silicone (1.1 g/m²) (A), L90 coated by HEC
(2.5 g/m²) and silicone (0.7 g/m²) (B) and L90 coated by PVA88% (2.6 g/m²) and silicone (0.3 g/m²) (C).
The pre-coatings and silicone were applied by roller coater. Figure reproduced with permission from
reference.[98]
the silicone can be seen from the SEM images. Less silicone is absorbed by the paper, if a polymeric
pre-coat was applied to the paper surface prior to siliconization step. In order to learn more about the
the relationship between silicone transfer and surface wetting behavior, papers coated by PVA88% were
used for reference experiments. This speciﬁc polymer was selected, because many studies in literature
have been using this particular polymer. Base papers were coated by PVA88% and analyzed by static
contact angle measurements (Figure 83).
The water contact angle of uncoated L40 base paper was about 10° higher compared to L90 base pa-
per, which is attributed to the different used sizing agents. A hydrophobic contact angle (> 90°) was
observed for both papers. The water contact angle changed from hydrophobic to hydrophilic, if the pa-
pers were coated by PVA88% (1.5 g/m²). In particular, the static contact angle of coated L40 paper was
reduced by 50°, going from 122° to 72° (Figure 83, A). The hydrophobic sizing agent was overlaid by
the hydrophilic PVA, which increases the surface energy and led to a poor wetting by the hydrophobic
silicone. The inverse behavior was observed when comparing the silicone contact angle of untreated
base paper with PVA-coated paper. Silicone contact angle changed from 15° to 35° due to the application
of PVA88%. This led to the assumption that the the silicone wetting on PVA-coated papers was not pre-
vented, but diminished by the hydrophilic pre-coat. This may result in less silicone transfer from roller to
the paper surface. In order to further strengthen this assumption, a smooth and non-porous PET-foil was
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Figure 83: Contact angle measurements of L40 (A) and L90 (B) base papers with water droplet (4 µL)
and silicone droplet (4 µL). Papers are coated by PVA88% (1.5 g/m²) and contact angle measurements
are performed again.
coated by PVA88% (12 g/m²) and subsequently siliconized (1 g/m²). The surface of the siliconized foil was
analyzed by Si-EDX-mapping in order to visualize silicone distribution on the foil (Figure 84). As one
can infer from the ﬁgure, the foil was not homogenously covered by silicone and non-siliconized areas
were observed. This suggests that silicone transfer and wetting were affected by the surface energy.
Figure 84: SEM analysis (topview) of PVA-coated foil (12 g/m²) which was subsequently siliconized
(1 g/m²). The silicone coverage is investigated by Si-EDX mapping and featured by red colour. Figure
reproduced with permission from reference.[98]
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6.2.4 Siliconization of blade-coated papers
The papers pre-coated via blade coater were siliconized by a roller coater in a second step (110 N,
2 m/min) in order to study the barrier properties of the pre-coated polymers. As previously observed for
the pre-coated and siliconized papers by roller coater, the silicone coat weights was again decreased with
increasing pre-coat weight (Figure 85). Silicone coat weight for L40 paper was decreased from 1.5 g/m²
to about 1 g/m² by using various pre-coats (Figure 85, A). Minimum silicone coat weight of about 0.7 g/m²
was obtained for L90 paper when the paper surface was pre-coated with 2.0 g/m² PVA99% (Figure 85,
B). Silicone penetration into the paper was prevented by the pre-coatings and the silicone stayed on the
closed paper surface (Figure 86). The ﬁber structure, which was visible after applying the pre-coatings,
is covered by the silicone in most parts. The barrier properties of the bio-based HEC or MC seems to be
comparable to the synthetic PVA.
Figure 85: Inﬂuence of polymer pre-coat on silicone coat weight of L40 (A) and L90 (B) papers. The
various pre-coats (7wt%) dissolved in water are applied via blade coater (50 µm & 100 µm, 50 mm/s)
and the silicone was coated by a roller coater (110 N, 2 m/min).
Similar amounts of silicone were transferred to the pre-coated papers, if the pre-coats were applied by
blade coater. Especially for siliconized L40 papers, the silicone coat weight for various polymers was
the same (1 g/m²) (Figure 85, A). In contrast to that, the silicone coat weight seemed to be depended on
the pre-coated polymer when the pre-coats were applied by roller coater. The wetting of the rollers by
the various polymers may be different depending on the used polymers. This led to an inhomogenous
closure of the paper pores on one side and different silicone coat weights on the other side. The surface
of blade-coated papers was fully covered by the polymer and almost all pores were blocked. Thus, the
transferred silicone amounts were similar and independent of the applied polymer in the pre-coat.
Another point is that the silicone coat weights of papers pre-coated by blade should be lower compared
to roller coater, because the paper pores were closed to more extent and less silicone is pushed into
the pores. The homogeneous coating by the hydrophilic polymers lead to an increase of the surface
energy over the whole paper surface, which reduces the wetting by the hydrophobic silicone. However,
similar or even higher amounts of silicone were transferred to the pre-coated papers by blade coater
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Figure 86: SEM images (topview) of L40 papers coated by silicone (1 g/m²) and PVA88% (1.1 g/m²)
(A), PVA99% (1.0 g/m²) (B), HEC (1.8 g/m²) (C) and L90 coated by MC (2.0 g/m²) (D). First, the pre-
coatings were applied on the papers by blade coater and afterwards the silicone was coated with a
roller coater.
when comparing same pre-coat weights. In particular, 0.6 g/m² silicone was transferred to L90 paper with
about 2.0 g/m² PVA99% coated by blade coater. The same silicone coat weight was achieved for L90 paper
with about 2.0 g/m² PVA99% coated by roller coater. These results are in contrast to the prediction and
may be explained by the inﬂuence of a third parameter on the amount of transferred silicone. The pores
of the paper surface were closed in most parts and less silicone was pushed into paper pores. Along with
this, the contact area between paper surface and roller was increased and more silicone was transferred
to the paper. Thus, silicone transfer rate depends on surface porosity, surface energy and contact area.
Extended research has to be performed in order to determine the speciﬁc inﬂuence of each parameter
on silicone transfer, which is not the focus of this thesis. The barrier properties of the applied pre-coats
strongly depend on the homogeneity of the coating on the paper surface.
6.2.5 Synthesis of FITC-PVA
In order to study the distribution of the pre-coating on the paper surface in detail, PVA88%was stained by
a ﬂuorescent dye and the coated papers were investigated by confocal laser scanning microscopy (CLSM).
Fluorescein isothiocyanate (FITC) was attached to PVA by an addition reaction in order to stain the PVA
for CLSM-measurements (Scheme 14). The reaction mixture was precipitated in isopropanol. Covalent
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attachment of FITC to PVA was indirectly proven by measuring the ﬂuorescence of the precipitation agent
on the TLC-plate. No ﬂuorescence was detected on the TLC-plate after four puriﬁcation steps, but the
product still showed strong yellow color. This indicates that FITC was covalently attached to PVA. The
concentration of attached FITC to the PVA backbone was calculated according to the Lambert-Beer law
by using the extinction at 494 nm (Figure 87) and the extinction coefﬁcient (ε494 = 77.000 cm
-1M-1 [128],


















Scheme 14: Synthesis of FITC-PVA.
Figure 87: UV/Vis spectrum of FITC-PVA in borax-buffer at pH = 9. The extinction maximum at
494 nm was used for the calculation of the FITC concentration in the PVA.
6.2.6 Investigation of the distribution of FITC-PVA on paper by CLSM
For detailed investigation of the coating homogeneity on pre-coated papers, PVA88% was stained by ﬂu-
orescein isothiocyanate (FITC). For the modiﬁcation of PVA, it was important that FITC was covalently
attached to the PVA backbone so that generation of artifacts were prevented. FITC-PVA was dissolved in
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water to a ﬁnal concentration of 7 wt% and coated on paper by using the roller coater (30 N, 2 m/min)
and the blade coater (100 µm, 50 mm/s) at same coating conditions as before. The coated papers were
investigated by confocal laser scanning microscopy (CLSM) and FITC-PVA is displayed by green ﬂuores-
cence. Fluorescence images showed that the papers were inhomogenoues coated by FITC-PVA when the
polymer was applied by roller coater after the ﬁrst coating cycle (Figure 88, A). The instable ﬁlm for-
mation on the rollers is attributed to this phenomena, as featured by green ﬂuorescent stripes. In order
to increase the coat weight and the coating homogeneity, papers were coated three times by the roller
coater. The stripes disappeared after third coating cycle, but the coating was still not homogeneously
distributed (Figure 88, B). Black parts on the paper are visible, which were not coated by FITC-PVA.
The coating homogeneity was signiﬁcantly increased when similar amounts of FITC-PVA were applied to
the paper with the blade coater (Figure 88, C). The complete paper surface showed green ﬂuorescence,
which indicates full coverage by FITC-PVA without any defects. The paper surface was in contact with
the polymer solution over the whole width when the coating was applied by a blade coater. Thus, the
barrier properties of the pre-coats against silicone were enhanced, if the polymer was coated by blade
coater. This may also affect the release forces, which were investigated in the next step.
Figure 88: Fluorescence images of L90 paper coated by FITC-PVA on roller coater after ﬁrst coat-
ing cycle (A, 0.6 g/m²) and third coating cycle (B, 1.8 g/m²). FITC-PVA coated by blade coater (C,
2.1 g/m²). The green ﬂuorescence corresponds to FITC-PVA. Figure reproduced with permission from
reference.[98]
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6.2.7 Determination of Bendtsen air permeability of pre-coated papers
In order to characterize homogeneity of the coatings in more detail, one may also study gas-permeability
of coated/uncoated samples. As such, the barrier properties of the pre-coated papers were determined
by measuring the Bendtsen air permeability. The air permeability of the uncoated base papers L40 and
L90 was high due to its high porosity and large pores. The L40 paper carries the highest air permeability
of about 1000 ml/min whereas the L90 paper with 400 ml/min was less permeable for air (Figure 89). The
air permeability of L90 was signiﬁcantly higher compared to L40, because the L90 paper is composed
of more than double amount of cellulose ﬁbers, which resulted in a higher paper thickness. Thus, the
air needs more time in order to permeate through the paper and the paper resistance against air was
increased for L90 paper. If about 2 g/m² polymer was coated with the blade coater on the base papers, the
air permeability was signiﬁcantly decreased compared to the reference. Additionally, at this coat weight,
both papers showed similar air permeability. Some pores remain open, but most part of the paper surface
was closed. Thus, silicone penetration into the paper is remarkably reduced. Moreover, the bio-based
polymeric pre-coats show barrier properties as good as those of the synthetic polymers.
Figure 89: Determination of Bendtsen air permeability of blade-coated L40 (A) and L90 (B) papers
and the uncoated reference papers.
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6.2.8 Release properties of siliconized papers pre-coated with different polymers
The release forces of siliconized papers were measured in order to compare them to common release
liner in industrial applications. For this purpose, an acrylic tape having a width of 25 mm was applied
on the siliconized surface of the release liner according to the FINAT 10 method. The release liner is
stored under speciﬁc weight between two glass plates so that the tape was in intimate contact with the
paper surface. Release forces of the adhesive tape from the siliconized paper were measured at an angle
of 180°. First, release forces of siliconized papers with the polymer pre-coat and silicone applied by the
roller coater were studied. As one can infer from the ﬁgure, release forces of siliconized L90 papers were
higher in contrast to siliconized L40 papers (Figure 90).
Figure 90: Release forces of siliconized L40 (A) and L90 (B) papers with various pre-coats applied
by the roller coater. Papers were siliconized by roller coater (110 N, 2 m/min).
The different release forces can be clearly observed when comparing the pre-coated papers with the
uncoated reference paper. In particular, release forces of about 4 N/25 mm were achieved for L40 reference
paper (Figure 90, A) and about 6.5 N/25 mm for the L90 reference paper (Figure 90, B). This behavior
is attributed to different amounts of transferred silicone from the roller to the paper. The uncoated
L40 reference paper was coated by 1.5 g/m² silicone, whereas just 1.1 g/m² silicone was transferred to
L90 paper. Thus, the adhesive in siliconized L40 papers is in contact with the silicone to more extent
leading to lower release forces. This behavior was also observed when the papers were pre-coated
by a ﬁlm-forming polymer. The release forces of pre-coated L90 papers as well as the errors were
again higher compared to those of pre-coated L40 papers. Nevertheless, release forces of siliconized L40
and L90 papers were signiﬁcantly reduced by using various polymeric pre-coats compared to those of the
uncoated reference papers. In detail, release forces in the range of 0.5 to 3 N/25 mm were achieved for L40
papers and siliconized L90 papers resulted in release forces ranging from 1.5 to 3.5 N/25 mm. Nevertheless,
release forces were high compared to common release liner based on CCK papers. The paper surface was
not completely covered and closed by silicone, which was shown by SEM images. This leads to increased
release forces, because the viscous adhesive tape is pushed into the paper pores coming in contact with
non-siliconized parts of the paper. Additionally, the adhesive tape is mechanically interlocked with the
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paper when the adhesive creeps into paper pores. The release forces should be reduced with increasing
pre-coat weight, because more pores are closed by the pre-coating and the silicone stays on the paper
surface to more extent. However, this was not observed in our experiments. This presumably occurs,
because less silicone was transferred to the paper when the pre-coat weight was increased. The adhesive
tape may come in contact with the pre-coating or other parts of the paper which were not covered by
silicone leading to high release forces. Another prerequisite for a good release liner is a good mechanical
stability of the silicone coating (no rub-off). Some parts of the silicone coating may be removed from
the paper during peel-off and impair the performance of the adhesive tape. Thus, it is important that
the silicone anchorage to the paper is sufﬁcient high. Stability of silicone layer to the various pre-coats
was good, except of MC. In this case, the coating was easily removed by rubbing with a ﬁnger over
the coating. MC carriers very few OH-groups, which are important for covalent crosslinking reactions
with silicone. Additionally, fewer hydrogen bonds from the coating to the underlying cellulose ﬁbers are
formed, which further reduce coating stability. Hence, MC is less appropriate as barrier coating for the
production of a release liner.
In a next step, release forces of pre-coated papers by blade coater were measured (Figure 91). It can
be seen from the ﬁgure that release forces were signiﬁcantly reduced compared to release papers pre-
coated by roller coater. In detail, release forces in the range of 0.5 to 2 N/25 mm were obtained for L90
papers (Figure 91, B). Even more, release forces smaller than 0.5 N/25 mm were measured for siliconized
L40 papers (Figure 91, A) when neglecting the release forces of papers pre-coated by MC. These papers
can be classiﬁed to "medium" release and release forces were in the order of CCK papers. Moreover,
the barrier property of HEC was competitive to commonly used PVA, which was also displayed in similar
release forces. Additionally, the silicone is able to crosslink with OH-groups of the HEC pre-coating which
increases the coating stability. The coverage of the pre-coating on the paper was improved by using blade
coater. Most paper pores were blocked by the pre-coating and the silicone stayed on the paper surface.
The adhesive tape was in contact with the silicone in most parts, which led to low release forces.
Figure 91: Release forces of siliconized L40 (A) and L90 (B) papers with various pre-coats applied by
blade coater. The untreated reference papers were coated with about 1.5 g/m² (L40) or 1.1 g/m² (L90)
silicone, respectively. Papers were siliconized by a roller coater (110 N, 2 m/min).
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6.2.9 Comparison of release forces using different coating methods
The coating methods, which were used in order to apply the pre-coats on the paper, were compared
with respect to observed release forces. It has been shown that the release forces were affected by the
coating method, and the homogeneity of the pre-coatings plays a crucial role. Comparison of the release
forces is not trivial, because the silicone coat weight, which affects the release forces, was reduced with
increasing pre-coat weight. Thus, paper samples with similar silicone coat weights were selected to
analyze the release forces. In particular, L40 papers were chosen having a silicone coat weight of 1.1 g/m²
(Figure 92, A) and L90 papers having a silicone coat weight of 0.7 g/m² (Figure 92, B).
Figure 92: Comparison of the release forces of siliconized L40 papers (A) and L90 papers (B), which
were pre-coated by roller or blade coater. Silicone coat weight of pre-coated L40 papers: 1.1 g/m²
± 0.1 g/m², reference: 1.5 g/m² ± 0.1 g/m² silicone. Silicone coat weight of pre-coated L90 papers:
0.7 g/m² ± 0.1 g/m², reference: 1.1 g/m² ± 0.1 g/m² silicone.
The release forces of blade-coated papers were lower compared to roller coater for both paper types.
The porous paper surface was closed by the pre-coating to more extent, if blade coating method was
used. The pre-coating acts as barrier coating similar to the clay-coating with CCK paper, and silicone
penetration into the paper is prevented. The adhesive tape is mostly in contact with the silicone layer,
which resulted in low release forces. The papers pre-coated by roller coater were not homogeneously
covered by the silicone, which led to higher release forces as discussed above. The release forces and
errors of L90 paper were higher compared to L40 papers, because the selected L90 papers have got
approximately 0.4 g/m² less silicone. Thus, the paper surface may not fully be covered by the silicone
and the adhesive tape comes in contact with non-siliconized parts of the paper, which may explain the
higher release forces. Silicone coat weights of about 0.7 g/m² are rather low compared to common applied
silicone amounts. Higher silicone coat weights of about 1 g/m² may close the non-siliconized voids and
result in lower release forces. The siliconized papers pre-coated with bio-based polymers (HEC, MC)
showed promising release forces and they were competitive to synthetic barrier coatings (PVA) or even
clay-coating, if applied by blade coater. Nevertheless, the release forces of MC-coated papers were higher
compared to HEC, which was attributed to the poor coating stability on the paper surface. Some parts
of the coating may be removed from the paper by the adhesive tape, which leads to increased release
forces. The release forces of HEC-coated L90 papers and clay-coated S98 paper at 0.7 g/m² silicone coat
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weight were in the same range of 1 N/25 mm. This makes the HEC a prominent bio-based candidate in
order to replace the synthetic PVA or the clay coating.
6.3 Conclusion
Porous base papers which were not clay-coated nor calendered were used in order to produce a release
liner. The untreated papers were coated by about 1.0 g/m² solvent-free and water-based silicone, which
is similar to common used silicone coat weights. The corresponding release forces were at this stage
too high for release liner applications. Additionally, the papers were partially destroyed during peel
off and the errors were huge. This is because the silicone was absorbed by the paper pores and the
adhesive tape will creep into these pores and comes in contact with non-siliconized parts of the paper.
The release forces were reduced in the range of easy release by applying higher silicone coat weights,
but this is not economically. Thus, in a next step, talcum was added to the silicone in order to increase
the viscosity and prevent silicone penetration into the paper. This approach combines two individual
coating processes into one, which saves costs. The water-based silicone has to be used for coatings
of silicone/talcum mixtures, because the talcum was not homogeneously suspended in the solvent-free
silicone. Additionally, the mixture has to be preferably applied by blade coater, because the rollers were
not homogeneously covered by the coating suspension due to ribbing effects. The paper pores were
increasingly closed with higher talcum contents, but release forces were still high due to open pores. The
inﬂuence of the talcum on the release forces was not completely understood, because only high silicone
coat weights of 9 g/m² were obtained by blade coater. Thus, the paper surface was completely closed even
by using silicone without talcum, which resulted in low release forces smaller than 0.25 N/25 mm. Even
higher coat weights were applied on the paper when talcum was added to the silicone and the release
forces were slightly increased. This is most likely due to an enhanced roughness, which was shown by
SEM images. The experiments demonstrate that the talcum acts more as a viscosity modiﬁer than a
mechanical barrier, so that silicone penetration into the paper is reduced due to the high viscosity. The
viscosity is signiﬁcantly increased by the addition of talcum, which was shown by measuring the viscosity.
The role of the talcum as a barrier additive has to be studied in detail for lower coat weights (1-2 g/m²),
because high silicone coat weights may suppress the inﬂuence of the talcum. Coating experiments have
to be performed on a blade coater with adjustable small gap sizes in order to obtain low coat weights.
Additionally, talcum may be utilized as a ﬁller in order to reduce silicone consumption. In principal,
it was shown that a release liner can be produced starting from a non clay-coated paper by using high
amounts of silicone. Nevertheless, this high coat weights are not economically and associated with high
costs. Thus, a third method was pursued in order to produce a release liner out of a porous base paper
with signiﬁcant lower silicone consumption.
For this purpose, the pores of the base paper were closed by using ﬁlm-forming polymers. The pre-
coatings should act as a barrier coating and prevent silicone penetration. The barrier properties of
commonly used synthetic PVA were compared to new bio-based barrier coatings. The polymers were
applied on the paper by blade coater and the roller coater in order to compare both methods. Investiga-
tions of pre-coated papers by SEM and CLSM revealed that the coating is inhomogeneously distributed
when using the roller coater. The rollers were not fully covered by the coating solution and stripes occur.
Application of the pre-coats by blade coater is thus the preferred method to obtain more homogeneous
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coatings. It has to be emphasized that the paper pores were closed by the bio-based polymers HEC and
MC as good as those of the synthetic PVA. The barrier properties of the ﬁlm-forming polymers were de-
termined by air permeability measurements. A signiﬁcant reduction of the air permeability was observed
for all polymers at coat weights of about 2 g/m², if the polymer was applied by blade coater. Almost
all pores were closed by the polymers and silicone penetration into the paper was reduced. A silicone
layer was applied on the pre-coated papers in a second step in order to produce the release liner. The
results showed that the silicone coat weight was decreased with increasing pre-coat weight. Wetting
effect of the hydrophobic silicone to the hydrophilic surface as well as reduced porosity were assigned to
this phenomena. Investigation of papers pre-coated by roller coater showed that the silicone penetrates
into the paper pores. The insufﬁcient closure of the paper pores by the roller coater leads to improper
barrier properties in terms of silicone. This results in high release forces, because the adhesive tape is
pushed into the open pores and is mechanically interlocked. Lower release forces and improved bar-
rier properties were obtained for papers which were pre-coated by blade coater. The enhanced barrier
properties were analyzed by measuring the Bendtsen air permeability. The air permeability was signiﬁ-
cantly reduced by using polymeric pre-coats and the barrier properties were improved. Mainly all paper
pores were closed by the pre-coating and the silicone stayed on the surface. Thus, the adhesive tape
was not able to creep into paper pores. The release forces were signiﬁcantly reduced from 4 N/25 mm for
the untreated reference to 0.25 N/25 mm for pre-coated L40 papers. The release forces of pre-coated L90
papers were decreased from 6.5 N/25 mm for the reference to less than 1 N/25 mm. Especially HEC showed
promising barrier properties, which were competitive to the synthetic pre-coats. MC was less appropriate
for such applications, because of a poor coating stability on the paper surface. This speciﬁc polymer may
be removed from the adhesive tape during peel-off and impair the adhesive performance. It was shown
that it is possible to produce a release liner with sufﬁcient low release forces out of a porous base paper.
Extended reﬁning steps and complex clay-coating of the paper can be replaced by using a ﬁlm-forming
polymer with special focus on bio-based HEC. Release liner produced by this method can be used in label
industry or for medical applications such as plaster.
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7 Towards a silicone-free release liner based on modified HPC
Most silicone release papers are burned and used for energy production, because recycling of these
speciﬁc papers is not trivial.[129–131] Additionally, in case of solvent-free silicone, an expensive platinum
catalyst is required for curing and crosslinking reactions. For some application, silicone-free release
liner are required, because silicone contains unreacted extractables, which can migrate and reduce the
adhesive performance or lead to printing issues.[37]. Thus, a silicone-free release liner based on modiﬁed
cellulose is highly demanded. In particular, HPC was selected for this purpose, because it was already
shown by a colleague in the Department of Macromolecular Chemistry and Paper Chemistry that this
speciﬁc polymer can be easily modiﬁed to produce interesting barrier ﬁlms on paper.[54] Additionally,
this polymer is made of a natural resource. As HPC is a biopolymer, it may be hydrolyzed by acid or
enzymes and the cellulose ﬁbers may be recovered, because the release coating can be removed from the
paper surface. This coating may improve the recycling of release liner papers. Additionally, HPC carries
hydroxy groups which can be used for crosslinking reactions without the need of a platinum catalyst.
The main challenge is to reproduce the unique properties of silicone in order to obtain low release forces.
7.1 Release forces of HPC derivatives hydrophobised by various acid chlorides
Silicone coatings posses a hydrophobic character (θ > 90°) accompanied with a very low surface en-
ergy of 22 mN/m, which is one requirement for low release forces.[26] Thus, the hydrophilic HPC was
modiﬁed with long, hydrophobic alkyl chains to a degree of substitution (DS) of about 3 in order to
decrease the surface energy and mimic the properties of the silicone. In brief, the HPC was dissolved in



























Scheme 15: Modiﬁcation of HPC by stearic acid chloride to a DS of 3.[54]
After the modiﬁcation process, all three hydroxy groups per anhydrous glucose unit carry a C18-alkyl
chain (HPC C18 DS3). The degree of substitution was determined by 1H-NMR measurements according
to the procedure described in literature.[54] HPC-C18-esters with different DS were synthesized in order
to investigate the inﬂuence of changing DS on release forces. Additionally, HPC was modiﬁed by lauric
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acid chloride (C12) to a DS of 3 (HPC C12 DS3) via an analog procedure in order to investigate the
inﬂuence of the chain length on release forces. The HPC esters were developed and kindly provided
by M.Sc. Maximilian Nau of the laboratory of the Macromolecular Chemistry and Paper Chemistry,
Department Chemistry, TU Darmstadt.
A clay coated paper (S98) was selected as coating substrate and for release force measurements, because
this type of paper carries a smooth and closed surface and the coating solution will stay on the paper
surface. Hydrophobic HPC esters were dissolved in THF to a ﬁnal concentration of 10wt% and applied
on clay-coated papers (S98) by using the blade coater (150 µm, 50 mm/s). The coated papers were
dried at room temperature and static contact angle measurements were performed. The coatings of HPC
C12 DS3 (102°) as well as HPC C18 DS3 (104°) showed hydrophobic water contact angles due to the
modiﬁcation process. The coated papers were prepared for release forces measurements as previously
described. The release forces of coated papers were investigated as a function of the DS of modiﬁed
HPC by C18-esters. The release forces were signiﬁcantly reduced when the DS of HPC C18-coating is
increased to a DS of 3 (Figure 93).
Figure 93: Determination of release forces as a function of the DS of modiﬁed HPC by C18-esters and
of HPC C12 DS3 on S98 papers. Papers were coated by about 3 ml of the coating solution (10 wt%)
using the blade coater (150 µm, 50 mm/s in order to obtain a coat weight of about 2.5 g/m².
In particular, the release forces were decreased from about 15 N/25 mm for HPC C18 DS1.5 to about
8 N/25 mm for HPC C18 DS3. The reason for this observation is probably that physical interactions be-
tween the acrylic tape and the HPC-coating were reduced due to the decreased surface energy, when the
hydroxy groups of the HPC were fully esteriﬁed by C18-alkyl chains. Nevertheless, the release forces were
high compared to siliconized release liner (< 1 N/25 mm). The release forces of HPC C12 DS3 were similar
compared to HPC C18 DS3, but the standard deviation of C12-esteriﬁed HPC was signiﬁcant higher. As
the contact angle of C12- and C18-modiﬁed HPC DS3 does not differ signiﬁcantly, release forces were
affected by another property. It has to be mentioned that the coating of HPC C12 DS3 feels very sticky
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in contrast to HPC C18 DS3-coating,which suggests a low glass transition temperature (Tg) or melting
temperature (Tm).
Therefore, phase transitions were investigated by using differential scanning calorimetry (DSC). The
melting temperature of HPC C12 DS3 was determined at -38°C, whereas the melting temperature of
HPC C18 DS3 is about 39°C. This measurement explains the sticky character of HPC C12 DS3 and the
increased error of release force. The highly viscous acrylic tape may penetrate into the HPC C12 DS3-
coating to more extent, which leads to higher release forces and increased error bar. The coating stability
of both coatings on CCK paper was checked as before by a simple ﬁnger rub-off test. The coating of HPC
C12 DS3 has a bad rub-off and the sticky coating is smeared during test procedure. The sticky character
of this speciﬁc polymer makes it improper for release liner applications. Thus, all upcoming experiments
will focus on coatings with HPC C18 DS3. The coating of HPC C18 DS3 seems to be more stable, but
the anchorage to the paper surface was insufﬁcient. The coating itself did not stick at room temperature
and it seemed to be stable on the paper surface, but the coating started to smear during rub-off test due
to the increased temperature. The coating has to be stable on the paper surface so that the adhesive
is not affected by the release coating. Thus, the coating stability of HPC C18 DS3 on CCK paper was
investigated in detail.
7.2 Investigation of coating stability of HPC C18 DS3 on CCK-paper
In order to investigate the coating stability of HPC C18 DS3 after peel-off of an adhesive tape, the
dissolved polymer was stained with a ﬂuorescent dye. In brief, a solution of rhodamine B in THF (500 µL,
0.05 mg/ml) was added to a solution of HPC C18 DS3 in THF (10wt%, 15 ml). The coating was applied
on paper surface by blade coater (150 µm, 50 mm/s). The coated paper as well as the adhesive tape
were investigated by ﬂuorescence microscopy after peel-off measurements. Part of the coating was
ripped off from the paper surface during peel-off, which is nicely illustrated by a matching image of
the adhesive tape (Figure 94, A). A lack of ﬂuorescence was observed on the coated paper surface,
and the geometric shape matches the part of the ﬂuorescent area on the adhesive tape (Figure 94, B).
This experiment proves that the coating is insufﬁciently anchored to the clay-coating. Additionally, the
adhesive performance of the adhesive tape is impaired by this instable coating. Thus, in order to improve
the coating stability, the coating has to be ﬁxed to the paper surface in the next step by covalent bonds.
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Figure 94: Fluorescence images of adhesive tape after peel-off (A) and S98 paper coated by HPC C18
DS 3 after peel-off (B). The coating was stained by rhodamine B and is displayed as red ﬂuorescence.
7.3 Crosslinking of HPC and modified HPC with C18-chains
The anchorage of the coating to the clay topcoat as well as the intrinsic stability of the coating itself
should be improved by using a crosslinker. This crosslinker undergo crosslinking reaction with residual
hydroxy groups from the modiﬁed HPC and with the hydroxy groups from additives in the clay-coating.
The crosslinking-reaction should be as fast as for silicone curing to save energy and should be preferably
started by heat. In order to ﬁnd an appropriate crosslinker, preliminary studies were performed with
pure HPC. Glutaraldehyde and glyoxal were selected as a potential crosslinking agent of the series of
dialdehydes, since thermal crosslinking reactions with hydroxy groups are known in literature and this
aldehydes are used on an industrial scale.[132–134] HPC also exhibits hydroxy groups which can be used
for this kind of reaction. The hydroxy groups react with the dialdehyde via the formation of an acetal
leading to crosslinking (Scheme 16).
Scheme 16: Crosslinking reaction of HPC with glyoxal via the formation of an acetal.
Different amounts of glyoxal related to the mass of HPC were added to HPC, which was dissolved in
THF. The solvent of all samples was removed under reduced pressure at room temperature prior to
heat treatment. The crosslinking reaction was performed in dry state in order to better compare the
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crosslinking results. The different amounts of solvent affect the speed of the crosslinking reaction, which
may falsify the crosslinking results. The mixtures of HPC and glyoxal were heated to 150°C for different
times. Note, the amount of HPC was kept constant for all experiments. Crosslinking was qualitatively
checked by swelling experiments with deionized water and rated as:
+ High amount of swollen gel
0 Low amount of swollen gel
- No swelling, dissolved by solvent
Table 9: Swelling results of HPC with various amounts of glyoxal in water.
Glyoxal / wt% 1 min 3 min 6 min 9 min
2 0 0 + +
4 + + + +
6 + + + +
Swelling experiments show that small amounts of HPC are crosslinked by using 2wt% glyoxal and after
1 min at 150°C (Table 9). The swelling is improved by increasing crosslinking time or glyoxal content.
Formation of the acetal may be further supported by addition of acid. This is supported by images of the
hydrogel in swollen state (Figure 95). The amount of swollen hydrogel is signiﬁcantly increased when
using 4wt% or 6wt% glyoxal, respectively. The reference experiment without any glyoxal does not show
any swelling and the HPC is dissolved by the water. These results demonstrate that glyoxal can be well
utilized in order to crosslink HPC.
Figure 95: Images of HPC with various amounts of glyoxal after swelling in water. The mixtures were
crosslinked for 1 min at 150°C.
As a second crosslinker, glutaraldehyde was reacted with HPC according to the same procedure as for
glyoxal. The swelling experiments show that the HPC is not crosslinked after 1 min or 3 min, respectively,
even when 6wt% of crosslinker were added (Table 10). Small amount of swollen hydrogel was observed
for extended crosslinking times (6 min or 9 min). Glutaraldehyde is less appropriate for crosslinking re-
action of HPC in contrast to glyoxal. The reaction kinetic of glutaraldehyde seems to be signiﬁcant lower
compared to glyoxal. Additionally, predominantly intramolecular reactions may occur in the reaction of
HPC with glyoxal, whereas slower intermolecular reactions may be preferred when using glutaraldehyde
due to a higher chain length. Different reaction kinetics were observed in the reaction between PVA with
glutaraldehyde and butenedial.[135] The reaction of PVA with both aldehydes follows a kinetic of ﬁrst
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order, but the activation energy for the butenedial was about 50% higher and the rate of bond formation
was one order of magnitude slower. This shows that the reaction rate is signiﬁcantly inﬂuenced by the
structure of the aldehyde.
Table 10: Swelling results of HPC with various amounts of glutaraldehyde in water.
Glyoxal / wt% 1 min 3 min 6 min 9 min
2 - - 0 0
4 - - 0 0
6 - - 0 0
7.4 Crosslinking of HPC C18 DS3 with glyoxal
Glyoxal, which successfully crosslinks HPC, was now mixed with HPC C18 DS3 in order to check the re-
producibility of the crosslinking results. The HPC C18 DS3 was dissolved in THF and different amounts
of glyoxal were added to the polymer. The crosslinking procedure was performed under the same con-
ditions as for the HPC and THF was used instead of water for the swelling experiments. The amount of
swollen HPC C18 DS3 was signiﬁcantly reduced compared to HPC, because mainly all hydroxy groups
were modiﬁed by C18-esters and just few hydroxy groups were accessible for crosslinking reaction (Table
11). No swollen gel was observed by addition of 2wt% glyoxal after 1, 3 or 6 min in oven, respectively,
but signiﬁcant amount of swollen organogel was observed with 4 and 6wt% glyoxal after 3, 6, or 9 min
in oven. This indicates that some hydroxy groups were accessible for crosslinking reactions even at DS of
3. One explanation may be that hydrolysis of the ester occur after addition of glyoxal. The 40wt% gly-
oxal solution is stored under acidic condition (pH =1) in order to stabilize the glyoxal. For crosslinking
experiments, the glyoxal solution was diluted to 1wt% and than added to the HPC. The diluted solution
is still acidic (pH = 3) and may support hydrolysis of the HPC-esters. This correlates with the observa-
tion that higher amounts of glyoxal and extended reaction time were needed for a signiﬁcant amount of
crosslinked polymer. Another explanation may be that the DS was determined by 1H-NMR and the DS
posses an error of about 0.2. Thus, some residual hydroxy groups remain even at DS of 3 which can be
utilized for crosslinking reactions.
Table 11: Swelling results of HPC C18 DS3 with various amounts of glyoxal in THF.
Glyoxal / wt% 1 min 3 min 6 min 9 min
2 - - - 0
4 - 0 + +
6 - + + +
Extended analysis of the swelling behavior of the organogel has been carried out in order to quantify the






In particular, the mass of the organogel in swollen state (ms) is subtracted and divided by the mass
in dry state (md). The swelling was enhanced with increasing amount of added glyoxal (Figure 96).
The swelling ratio from 4wt% to 6wt% glyoxal was not signiﬁcantly increased which indicates that a
maximum swelling ratio was achieved. Thus, further increase of the glyoxal amount may not inﬂuence
the swelling behavior. A maximum swelling ratio of about 350% was achieved with 6wt% glyoxal after
3 min at 150°C, which corresponds to 3,5-fold increase in volume compared to the non-crosslinked
reference. No swelling was observed for the HPC C18 DS3 samples with 0wt%, and 0.5wt% glyoxal.
The polymer was dissolved by the THF and removed from the crystallization dish. The results show that
the crosslinker is capable of sufﬁcient crosslinking the HPC C18 DS3. The paper surface carries hydroxy
groups from additives in the clay-coating (e.g. PVA), which can be utilized for crosslinking reaction
with the hydrophobic HPC. Additionally, the release forces may be further reduced by the crosslinked
release coating, because of the force-dissipative character similar to crosslinked silicones. It is known
that interfacial slippage occurs during release of an adhesive tape from a crosslinked silicone coating,
which contributes to the unique low adhesion properties of silicones.[16,34] Crosslinking of HPC C18 DS3
may also support the release of an adhesive tape in our case.
Figure 96: Determination of the swelling ratio of crosslinked HPC C18 DS3 in THF as a function of
various amounts of glyoxal. The polymer was crosslinked in an oven for 3 min at 150°C.
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7.5 Measuring the release forces of HPC C18 DS3 on CCK-paper after crosslinking
The hydrophobic HPC C18 DS3 was dissolved in THF and mixed with different amounts of glyoxal in
order to investigate the inﬂuence of glyoxal on the release forces and on coating stability. The coating
solution was applied on clay-coated S98 paper by using the blade coater (150 µm, 50 mm/s) and thermally
crosslinked for 3 min at 150°C. Investigation of the coated paper by SEM showed that the structure of
the CCK-paper is homogeneously overlaid by the coating of the hydrophobic HPC (Figure 97).
Figure 97: SEM images (topview) of S98 paper prior and after coating of HPC C18 DS 3 by blade
coater (150 µm, 50 mm/s).
The curing temperature of 150°C is above the Tg of HPC C18 DS3 and thus rearrangements of the
polymer chains of the coating may occur which may inﬂuences the release forces. In order to study
this inﬂuence, the release forces of papers were compared which were dried at 150°C and at room
temperature. The release forces of coatings with low amounts of glyoxal (0.5wt%) were in the range of
7-8 N/25 mm and the heat treatment does not affect the release forces. (Figure 98). Parts of the coating
were removed during peel-off-testing, which is reasonable because no crosslinking was observed for
0.5wt% glyoxal in swelling experiments. Poor coating stability was even observed, if 6wt% of glyoxal
was added to the coating and dried at room temperature. In contrast to this, the rub-off is signiﬁcantly
improved when this coating was dried at 150°C. Moreover, the release force seems to be slightly lower
compared to the coatings with 0.5wt% glyoxal. The addition of crosslinker to the modiﬁed HPC and
drying at elevated temperature leads to crosslinks which improve the coating stability as well as the
anchorage to the paper surface. Long-term measurements were performed in order to study the stability
of release forces over several days. This is important, since release liners are stored over weeks prior to
ﬁnal application and release forces have to be constant over this time. Thus, the release liner, together
with the applied adhesive tape were stored at standard climate conditions for 15 days and the release
forces were measured afterwards. The release forces did not change signiﬁcantly after 15 days compared
to the release forces after 2 days and the variations were in the margin error. The rub-off-results of the
samples which were stored for 15 days were the same as for the samples after 2 days. Only the coating
which is mixed with 6wt% glyoxal and cured at 150°C exhibits no rub-off and a chemical stable coating.
Release forces of about 6 N/25 mm were obtained for the coating which was mixed with 6wt% glyoxal and
dried at 150°C after 15 days. This speciﬁc value is lower compared to the other samples, which indicates
that the release of an adhesive tape is supported by introducing crosslinks into the release coating.
Nevertheless, release forces of the HPC-coated paper are still high in contrast to siliconized release liner,
103
but this bio-based, silicone-free release coating represents a promising alternative to silicone for tight
release applications without using an expensive platinum catalyst.
Figure 98: Determination of the release forces of HPC C18 DS3 in THF with 0.5wt% and 6wt%
glyoxal. The polymer was applied by blade coater (150 µm, 50 mm/s) to a coat weight of about 2 g/m²
and ﬁnally dried at room temperature or in oven for 3 min at 150°C. Release forces were measured
after 2 d and 15 d storing in climate room.
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7.6 Investigation of the anchorage of hydrophobic HPC-esters to the paper surface
The anchorage of the HPC-coatings with DS 2.5 and 3 on the paper surface were indirectly determined
by extraction experiments and measuring the static contact angle (Figure 99). The HPC C18 DS2.5
was selected as an additional experiment, because it possesses more hydroxy groups which can undergo
crosslinking with glyoxal. This polymer was as well developed by M.Sc. Maximilian Nau in a parallel
Ph.D. thesis. All coated papers posses a hydrophobic contact angle (> 90°) prior to extraction, which
originates from the hydrophobic modiﬁcation of HPC. The contact angle of HPC C18 DS3 is slightly
higher (104°) compared to the contact angle of HPC C18 DS2.5 (99°). This is most likely due to the
different substitution pattern of HPC. The contact angle of HPC C18 DS2.5 is slightly reduced by free
hydroxy groups. The hydroxy groups may increase the crosslink density and improve the layer stability.
The samples were extracted for 4 h in THF in order to remove unbound polymer and the contact angles
were measured again. The contact angles of the coatings without glyoxal were signiﬁcantly reduced
below 90°. Thus, the coating exhibits a poor anchorage to the paper and the coating is dissolved from
the paper surface. In contrast to this, the contact angles of coatings which were mixed with glyoxal show
no change in the contact angle after extraction. This indicates that the anchorage to the paper surface
is improved by the addition of glyoxal as a crosslinker. The glyoxal increases the coating stability by
forming a network and additionally it can react with hydroxy groups on the paper surface leading to an
improved anchorage. Nevertheless, it cannot be excluded that part of the coating was dissolved by THF
even if glyoxal was added. The layer stability of modiﬁed HPC with DS of 2.5 seems to be as good as for
a DS of 3.
Figure 99: Determination of the static contact angle of papers coated by HPC C18 with DS of 2.5 and
3.0 prior and after 4 h soxhlet extraction with THF. The polymers were dissolved in THF and coated
on DN135 by using the blade coater (150 µm, 50 mm/s). The coatings were cured for 5 min at 150°C.
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7.7 Development of a water-based suspension of hydrophobised HPC C18 with DS3
In the preceding experiments, HPC C18 DS3 was dissolved in THF and coated on the paper by blade
coater, which is possible in lab scale. In contrast to this, production of a release liner according to this
method in industrial scale is impractical, because THF is harmful and the coating device would have to
be covered by a shell equipped with an air exhauster. Thus, the coating process has to be established in
order to enable a coating of modiﬁed HPC without the use of THF. A suspension of modiﬁed HPC in water
has to be developed in order to overcome this challenge. In brief, the HPC C18 DS3 was dissolved in THF
to a concentration of 1wt% and precipitated dropwise into a mixture of isopropanol and water (90:10).
The suspension did not sediment even after seven days. Thus, a solution of calcium chloride in water was
added as a ﬂocculant in order to accelerate sedimentation. The particles sedimented immediately after
the addition of the ﬂocking agent. The precipitation agent was decanted and the solid was ﬁltered off.
The particles were washed by water and suspended in water which was mixed with a surfactant (Tween
20) in order to stabilize the suspension. This suspension was stable for at least one hour without any
mixing process (Figure 100). Analysis of the particle size by SEM showed that small particles (< 1 µm)
were agglomerated to large particles (5-50 µm) due to the ﬂocculant (Figure 101). This procedure allows
the production of water-based suspensions with easy handling and in high yields. The suspension was
used in a next step for coating experiments on roller coater and blade coater.
Figure 100: Dipersion of HPC C18 DS 3 (5wt%) in water together with Tween 20 as a surfactant.
The suspension was stable for at least one hour without any mixing process.
106
Figure 101: SEM-analysis of HPC C18 DS 3 particles after precipitation in isopropanol/water and
ﬂocculation by CaCl2-solution. Small particles are agglomerated to large particles.
7.8 Coating of a water-based suspension of HPC C18 DS3 on CCK paper
First, a water-based suspension of HPC C18 DS3 was applied on S98 paper by using the roller coater.
Multiple coating cycles were performed in order to obtain sufﬁcient coat weight. However, the maximum
obtained coat weight after four coating cycles was in the order of 0.5 g/m². The coating suspension is
only poorly transferred from the storage pan to the paper and defects in the coating were observed. The
coating process may be enhanced by addition of viscosity modiﬁer to the suspension in order to increase
the transfer rate and obtain homogeneous coatings. As an alternative method, the blade coater was used
for the coating process in order to increase the coat weight and improve the coating homogeneity. The
wet coating ﬁlm seems to be homogeneously distributed over the paper surface, but coating defects were
observed after drying for 3 min at 150°C. The water was removed during drying and it seems that the
particles form big agglomerates, leaving non-coated areas (Figure 102). The particle structure was not
present anymore, because the coating was heated above the glass transition temperature. The particles
were molten together and they form a ﬁlm, but defects emerged in the coating. This non-coated areas
lead to high release forces and paper rupture. The suspension and the coating procedure has to be
adjusted in order to obtain a homogeneous coating with sufﬁcient coat weight. This will be investigated
in further work since this is a complex process and these engineering challenges are beyond the scope of
this thesis.
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Figure 102: SEM images (topview) of S98 after coating of a water-based suspension of HPC C18
DS3 by blade coater (150 µm, 50 mm/s). The coating was dried for 3 min at 150°C. The paper was
inhomogeneously coated by the water-based suspension.
7.9 Conclusion
Concluding the results of this chapter, a silicone-free biopolymer was studied which can be utilized as
a release liner coating for tight release applications. The bio-based HPC was modiﬁed ﬁrst with long
alkyl chains with different DS in order to generate hydrophobicity. This is one property of a silicone
release liner, which facilitates low release of an adhesive tape. The release forces were decreased with
increasing degree of substitution. Lowest release forces of about 8 N/25 mm were obtained for HPC C18
DS3, but the coating was not stable on the paper surface and partially removed by the adhesive tape
during peel-off. Thus, a crosslinker was introduced, which supports the coating stability itself as well as
anchorage to the paper surface. The crosslinking was qualitatively checked by swelling experiments. It
was found that glyoxal successfully crosslinks HPC after heat treatment. Glyoxal is also able to crosslink
HPC C18 DS 3 after 3 min at 150°C, which indicates that not all hydroxy groups were substituted
by alkyl ester chains even at DS of 3. Additionally, hydrolysis reactions may occur after addition of
an aqueous and acidic glyoxal solution (pH = 3). This may generate free hydroxy groups which can
be used for crosslinking reactions with glyoxal. Coating of the hydrophobic HPC together with 6wt%
glyoxal showed an improved layer stability and anchorage to the paper surface. This was also shown
by extraction experiments and measuring the contact angle of the coatings. The contact angle was
signiﬁcantly reduced after extraction with THF if no glyoxal was added, because the unbound polymer
was washed off from the paper surface. In contrast to this, the coating seems to be stable on the paper
surface when glyoxal was added to the coating, which was shown by a hydrophobic contact angle after
extraction. The rub-off test also conﬁrmed that no coating was removed from the paper. The release
forces of HPC C18 DS3 were reduced to about 6 N/25 mm by the addition of 6wt% glyoxal and curing at
150°C compared to the coating without any crosslinker. This may be explained by the force-dissipative
character of the crosslinked coating similar to crosslinked silicone release coatings.
As an outlook, in a next step, the coating of HPC C18 DS3 was switched from a solution in THF to a
water-based suspension. This is important for industrial coating processes, because water is harmless
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and does not need any expensive safety precautions. Application of the water-based suspension on CCK
paper by roller coater and blade coater resulted in an inhomogeneous coating and coating defects. The
coating suspension and the coating process have to be optimized in order to get a more homogeneous
coating.
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8 Summary and Outlook
Silicone release liners exist since over 50 years and the production process has been permanently im-
proved. Most widely used production route for release liner starts with a clay-coated base paper. The
large open pores of the base paper are typically coated by pigments in order to close the paper pores.
This coating acts as a barrier and penetration of the silicone into the paper is prevented to large extent.
Thus, silicone consumption is reduced and the thin silicone coating (typically about 1 µm), which is
applied by multiple roller coater, stays on the paper surface. The adhesive is transferred onto the re-
lease liner in a second step followed by applications of a label paper to obtain the ﬁnal product. The
clay-coating is a complex mixture and consecutive calendering steps are always necessary in order to
compress and smoothen the paper surface. Additionally, commonly used silicone systems use a platinum
catalyst, which is expensive and cannot be recovered. Moreover, recycling of silicone-based release liner
is not trivial and needs harsh conditions. Thus, the objective of this thesis was to investigate and research
new routes for the production of a release liner with the focus on saving, resources and introducing bio-
genic polymers. Special emphasis was placed on non-clay-coated base papers as a cheaper substrate for
the development of a release liner. Film-forming polymers were applied on the porous base paper and
utilized as a barrier coating similar to the clay-coating. Final goal of this thesis focused on ﬁrst demon-
stration studies of a silicone-free release liner based on modiﬁed cellulose.
In this thesis, clay-coated papers as well as porous base papers were used as substrates for coating
experiments. The papers were characterized with respect to surface chemistry and surface morphology
by using static contact angle measurements, infrared spectroscopy, mercury intrusion porosimetry, white
light interferometer and scanning electron microscopy, respectively. SEM investigations showed, that the
porous base papers L40 and L90 carry huge open pores in the range of 10 to 40 µm, whereas these pores
were closed by clay-pigments at S98, DN135 and DNC135 papers. Silicone penetration into the paper is
thus prevented by using a clay-coating and just small open pores (< 1 µm) remain on the paper surface.
Analysis of the surface of the base papers by FT-IR showed typical signals for functional groups like C-
OH (1024 cm-1) or OH (3310 cm-1) from the cellulose backbone. These signals disappeared when a clay
coating is applied on the paper surface and new signals from the clay pigments appeared. The porous
base papers L40 (122°) and L90 (112°) possess a hydrophobic contact angle due to different sizing
agents, whereas the clay-coated papers (S98, DN135, DNC135) carry a hydrophilic surface (65°). The
clay-coating also inﬂuences the median pore diameter as well as paper porosity, which were determined
by mercury intrusion experiments. The pore diameter and the paper porosity were signiﬁcantly reduced
by the clay-coating. The median pore diameter was decreased from 12 µm for the non-clay coated
papers to about 7 µm for the CCK paper. The pores were blocked by the pigments, which also reduce the
porosity. The roughness of the paper surface was determined by white light interferometry. An arithmetic
average roughness of about 2 µm was measured for the base papers L40 and L90. The paper roughness
was signiﬁcantly reduced to 1.3 µm when the paper surface was clay-coated and calendered (S98). Even
more, if higher amounts of clay pigments were applied on the paper surface, the roughness is reduced
to 0.8 µm (DN135, DNC135). The parameters, which were determined by various methods are essential
in order to interpret different coating behavior and release forces of an adhesive tape.
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As a ﬁrst step, the silicone coat weight has to be adjusted to industrial standards (1 g/m²) in order to
obtain appropriate silicone coat weight for the fabrication of a release liner. This was achieved by using
the 3-roller system and the ﬁlm press setup. The silicone coat weight was determined with respect to
changing coating parameters. A silicone coat weights of minimum 5 g/m² was obtained with the ﬁlm
press setup, which is too high. The 3-roller system was found to be the most suitable system to reach
low silicone coat weights. It was shown that different amounts of silicone were applied on the paper
depending on the roller material, the coating speed and the roller pressure between dosing and applicator
roll as well as on the paper substrate. An increasing silicone coat weight was observed with increasing
coating speed and decreasing roller pressure. Especially at low roller pressure, different amounts of
silicone were transferred to the paper at same coating conditions depending on the paper substrate. In
detail, most silicone was applied on L40 paper followed by L90 paper and lowest silicone coat weight
was achieved for the clay-coated S98 paper. The silicone coat weight can be well adjusted by changing
the roller pressure between dosing and applicator roll at constant coating speed. Several optimization
steps were necessary in order to obtain low silicone coat weight (1 g/m²) similar to common silicone coat
weight of release liner. In particular, rollers composed of stainless steel were acquired and a connection
bridge between dosing and applicator roll as well as a second pressure cylinder were installed. Silicone
coat weight of about 1 g/m² was achieved at a roller pressure between dosing and applicator roll of 110 N
and a coating speed of 2 m/min by using stainless steel rollers. The release forces measured with this
speciﬁc silicone coat weight strongly depend on the paper substrate. The silicone coat weights were
correlated to the corresponding release forces, which facilitates precise adjustment of release forces by
changing the coat weight. The force which is needed to remove an adhesive tape from its release liner
signiﬁcantly depends on the surface chemistry, surface porosity and surface roughness, respectively. In
detail, release force of 0.2 N/25 mm was observed for the siliconized CCK paper (S98), whereas about
3 N/25 mm was measured for siliconized porous base paper (L90) at similar silicone coat weight of 1 g/m²,
respectively. This difference is caused by the barrier property of the clay-coating. The silicone is retained
on the paper surface and the adhesive is in complete contact with the release coating. In contrast to that,
the silicone penetrates in to the porous base paper, when the paper surface is not sealed by a barrier
coating. The viscous adhesive creeps into the pores leading to a mechanical interlocking and coming in
contact with non-siliconized areas, which leads to high release forces. Additionally, it was shown that
the roughness of the CCK papers inﬂuences the release forces. Less defects in the silicone coating were
observed when the paper is very smooth. It can be summarized that the smoother the paper surface, the
better the silicone coverage and the lower the release forces.
Silicone penetration into the paper signiﬁcantly affects the release forces. Thus, in one approach, silicone
was mixed with different amounts of talcum particles in order to reduce the silicone ﬂow into the paper
pores during coating process. The particles act as a barrier additive and the increased viscosity even
supports this barrier effect. A water-based silicone was selected for this purpose, because this speciﬁc
silicone yields stable suspensions with the talcum. During coating process on the 3-roller system, the
rollers showed incomplete wetting of the water-based silicone/talcum-mixtures, also known as ribbing.
This lead to inhomogeneous coatings on the papers, which resulted in coating defects and high release
forces. Thus, in order to increase the coating homogeneity, the coatings were applied by lab blade coater
using the smallest blade gap size (50 µm). High coat weights of about 9 g/m² were achieved with this
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method, which resulted in low release forces of 0.3 N/25 mm. This easy release properties are competitive
to CCK release liner, but high amounts of silicone were necessary. The release forces of silicone/talcum
mixtures were slightly higher compared to release forces of pure silicone coatings, which is probably due
to an increased roughness. It was shown that the talcum can be used as a viscosity modiﬁer in order to
reduce silicone penetration into the paper. Nevertheless, the inﬂuence of talcum is not fully understood,
because paper pores are closed even by using pure silicone in high amounts. In order to investigate the
function of talcum in silicone formulations in detail, lower coat weights of about 1-2 g/m² have to be
applied by blade coater or a different roller material has to be used for the 3-roller system in order to
obtain more homogeneous coatings and improved roller coverage.
In another approach, silicone penetration into the paper was reduced by closing the pores of the paper
surface by various ﬁlm-forming polymers. Synthetic polymers (PVA88%, PVA99%), which were com-
monly used as barrier coatings, were used as a reference. The barrier properties were compared with
new bio-based barrier coatings (HEC, MC). The polymers were applied by using the 3-roller system in
various coat weights and the surface coverage was investigated by SEM. Paper pores were increasingly
closed with higher polymer amount, but some open pores still remained. This is most likely due to an
inhomogeneous wetting of the rollers, which lead to defects in the coating. In contrast to that, the coat-
ing homogeneity was signiﬁcantly enhanced when the polymers were coated by lab blade coater. Mainly
all pores were blocked by the polymers, which was featured by SEM analysis. A detailed analysis of the
pre-coated papers with respect to the coating homogeneity was performed by labeling the PVA with a
ﬂuorescent dye. Investigation of the pre-coated papers by confocal microscopy revealed that the coating
was inhomogeneously distributed on the paper surface by the roller coater after ﬁrst coating cycle, which
was depicted as green ﬂuorescent stripes. Coating the same paper up to three times, increases the PVA
coverage, but there existed still parts of the paper surface, which were less or not coated by the polymer.
In contrast to that, the coating homogeneity was signiﬁcantly increased when the polymer was applied
on the paper by using the blade coater. These results show that barrier properties and the resulting
release forces strongly depend on the coating method. The barrier properties were determined by mea-
suring the Bendtsen air permeability. The air permeability was signiﬁcantly reduced from 1000 ml/min for
L90 to about 100 ml/min at a pre-coat weight of 2 g/m² by using the blade coating method. Additionally,
the bio-based polymers show same performance in closing paper pores and acting as barrier coating as
compared to commonly used synthetic polymers.
In a next step, a thin silicone layer was applied on the pre-coated papers in order to produce the release
liner. It was observed that less silicone was transferred to the papers at same coating conditions, if the
coat weight of the pre-coatings was increased. This behavior originates from the paper surface, which
is increasingly closed with growing polymeric pre-coat. Silicone penetration into open pores is reduced
and less silicone is transferred to the paper. Comparing the release forces of the siliconized papers, which
were either pre-coated by roller or blade coater, huge differences con be observed. Papers pre-coated by
blade coater show signiﬁcant lower release forces compared to papers which were pre-coated by roller
coater. The barrier properties were enhanced due to a more homogeneous coating when the polymers
were applied by blade coater. The silicone on blade-coated papers stays on the paper surface in most
parts and the adhesive is in intimate contact with the silicone layer. In contrast to this, some part of the
silicone is pushed into the open pores of the roller-coated papers. The adhesive migrates into these pores
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and comes in contact with non-siliconized parts of the paper, which results in higher release forces. Thus,
the barrier properties of papers with respect to silicone, which were pre-coated by blade coater are better
in contrast to the roller-coated papers. The release forces were signiﬁcantly reduced from 6.5 N/25 mm
for the uncoated L90 paper to about 0.6 N/25 mm for the pre-coated L90 paper by using HEC. Even lower
release forces, below 0.5 N/25 mm, were obtained for pre-coated L40 papers, because more silicone was
transferred to this paper. MC closes paper pores as good as the HEC or the synthetic polymers, but
this speciﬁc polymer suffers from a poor chemical coating stability. The anchorage of the polymer to
the paper ﬁbers was impaired, because less hydroxy groups were accessible for hydrogen bonds with
the cellulose ﬁbers. Additionally, the formation of covalent bondings between the silicone layer and the
MC by post-curing processes was diminished due to less amounts of accessible hydroxy groups. The
silicone may be removed by the adhesive during peel-off, which negatively affected the performance of
the adhesive tape. As no silicone rub-off is required by the industry, MC is a less appropriate candidate for
barrier coatings in release liner applications. However, for future experiments, the amount of hydroxy
groups in MC may be tailored in order to get a sufﬁcient layer stability to the paper at one side, but
enabling a detachment of the release coating by mechanical abrasion of the coating on the other side.
This would further support the recycling process of siliconized release liner, because the silicone layer
can be more easily removed from the paper. With these sets of experiments, it was shown that it was
possible to produce a release liner starting with a porous base paper by using different ﬁlm-forming,
bio-based polymers. The release forces obtained by this method were applicable for wide variety of
applications in the range of easy and medium release. This process saves cost and resources, because
extensive reﬁning and calendering steps can be avoided. Especially, the bio-based polymers showed
promising barrier properties, which were competitive to the commonly used synthetic barrier polymers.
Additionally, the bio-based pre-coatings support the recycling of release liner, because the coating can be
easily hydrolyzed by acid or base and removed from the paper. Beside the investigated polymers, other
biogenic polymers like starch or polylactic acid may also be possible candidates as barrier coatings for
silicone.
In the last part of the thesis, a silicone-free release liner was studied as a proof-of-concept demonstration
based on modiﬁed hydroxypropyl cellulose (HPC). The release coating, based on the cellulose backbone,
can be decomposed by acid or enzymes, which supports recycling of release papers. HPC was reacted
with stearic acid chloride (C18) to yield different degrees of substitution (DS). The resulting polymers
were dissolved in THF and applied on CCK paper by blade coater. It was shown that the release forces
can be adjusted by tailoring the DS of HPC C18. Lowest release forces of about 8 N/25 mm were obtained
when all three hydroxy groups of the HPC were substituted by C18-esters, which is high compared to
silicone release liner. Fluorescent labeling of the release coating and analysis of the adhesive tape by
ﬂuorescence microscopy after peel-off-testing revealed that the coating was not stable on the paper
surface. Parts of the coating were removed by the adhesive tape during peel-off, which affects the
adhesive performance. Glyoxal was used as a crosslinker, which successfully undergoes crosslinking
reactions with the hydroxy groups of unmodiﬁed HPC at 150°C. The crosslinker should improve the
coating stability and the anchorage to the paper surface. The crosslinking reaction was indirectly proven
by swelling experiments in water. Crosslinking experiments with glyoxal were reproduced with HPC C18
DS3 and swelling experiments were performed in THF. Surprisingly, it was shown that the modiﬁed HPC
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crosslinks with glyoxal even at a DS of 3. One reason may be that, residual hydroxy groups remain even
at DS of 3, because the DS is determined by 1H-NMR-measurements and carries an error of about 0.2.
Another reason may be the acidity of the added glyoxal (pH = 3), which enables hydrolysis reactions of
the HPC-esters. The obtained free hydroxy groups can be than used for crosslinking reactions with the
glyoxal. In a next step, CCK papers were coated by mixtures of HPC C18 DS3 and glyoxal and cured at
room temperature or at 150°C, respectively. The coating stability was not enhanced when the coating was
cured at room temperature. In contrast to this, thermally curing at 150°C resulted in signiﬁcant increase
in coating stability and no rub-off of the coating was detected from the paper surface. Additionally, long-
term measurements of release forces were performed, because release forces have to be stable during
storage. It seems that release forces of the coatings with 6wt% glyoxal, which were crosslinked at 150°C
after 15 days, were further reduced compared to coatings cured at room temperature. In particular,
release forces of 6 N/25 mm were obtained for the thermally cured coating with 6wt% glyoxal, whereas
about 7 N/25 mm were measured for coatings which were cured under ambient conditions after 15 days.
The obtained release forces were higher compared to siliconized release liner, but still interesting for
some tight release applications, such as for sealants in rooﬁng or medical devices. Thus, the release liner
based on hydrophobic HPC represents a silicone-free alternative without using an expensive platinum
catalyst. As an outlook for the application of the hydrophobic HPC coating in large scale, the HPC
C18 DS3 was switched from a solution in THF to a water-based suspension. The modiﬁed HPC was
precipitated, concentrated to a suspension of 5wt% in water and stabilized by addition of a surfactant.
The suspension was applied on CCK papers by using the blade coater. The coating was cured at 150°C,
but coating defects were observed in the SEM images in the coating. The coating suspension and the
drying process have to be improved for future experiments in order to obtain more homogeneous ﬁlm
coatings.
On the base of the performed experiments, the recycling conditions for release paper made of HPC C18
DS3 have to be studied in detail. The question is, whether the release coating can be separated from
the substrate in order to improve recyclability of such papers. As a next step, in order to combine both
approaches of this thesis, an improved water-based suspension of HPC C18 DS3 together with glyoxal
has to be coated on a pre-coated base paper with HEC to obtain a silicon-free release paper without using
a CCK paper. Finally, as low amounts of extractables are required from the industry, the extractables in
release liner made of pre-coated base papers and modiﬁed HPC have to be analyzed.
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9 Experimental Section
9.1 Reagents and solvents






Fluorescein isothiocyanate Acros Organics
Glyoxal (40wt% in water) Sigma-Aldrich
Glutaraldehyde (50wt% in water) Sigma-Aldrich
Polyvinyl alcohol 87-89% hydrolyzed Alfa Aesar
Polyvinyl alcohol 99% hydrolyzed Sigma-Aldrich
Hydroxyethyl cellulose (Tylose H10 YG4) Shin-Etsu
Hydroxypropyl cellulose (100.000 g/mol) Alfa Aesar
Methyl cellulose (viscosity 15 cP, 2% solution in water) Acros Organics
Rhodamine B Sigma-Aldrich
Stearic acid chloride Sigma-Aldrich
Syl-off 7920 emulsion Dow Chemical




Porous base papers L40 and L90 Sappi, Alfeld
CCK papers S98, DN135, DNC135 Sappi, Alfeld
Drying of THF
Sodium and benzophenone were added to THF and stirred under reﬂux until the solvent got a blue
color. After that, THF was distilled off and the solvent was stored over mole sieve (4 Å) under argon
atmosphere.
Purification of stearic acid chloride
The black mixture of stearic acid chloride and other acid chlorides was puriﬁed by distillation under vac-
uum (0.14 mbar) using an ether bridge. The liquid was heated to 170 °C and the product was collected
in a receiver ﬂask which was cooled by liquid nitrogen. First 10% of the liquid were removed due to
impurities and then the pure product was collected. The stearic acid chloride was obtained as a colorless
to yellowish liquid and stored under argon atmosphere. The purity was checked by 1H-NMR (Figure
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103). – 1H-NMR (300 MHz, CDCl3): δ = 0.88 (t, 3 H,
3J = 7.3 Hz, H-18), 1.26 (m, 28 H, H-4-17), 1.71
(m, 2 H, 3J = 7.0 Hz, H-3), 2.88 (t, 2 H, 3J = 7.0 Hz, H-2).
Figure 103: 1H-NMR of puriﬁed stearic acid chloride in CDCl3.
Preparation of borax buffer
Borax buffer was prepared by dissolving Na2B4O7 x 10 H2O (9.53 g) in distilled water (0.5 L). The pH
of the borax solution (85.6 ml, c = 0.05 M) was adjusted to 9 by addition of hydrochloric acid (14.4 ml,
c = 0.1 M). The pH was checked by a pH-meter.
9.2 Instrumentation
ATR FT-IR spectroscopy
Infrared spectra were recorded on a PerkinElmer Spectrum One FT-IR spectrometer, equipped with a ATR
unit. For each individual FT-IR spectrum, 10 scans were accumulated with a resolution of 4 cm-1.
Atomic force microscopy (AFM)
The surface topography was investigated by using the atomic force microscope Dimension ICON AFM
(Bruker) in PeakForce-Tapping mode. The cantilever ScanAsyst Fluid from Bruker with a tip radius of
10 nm was selected for the measurements. This cantilever possesses a spring constant of 0.86 N/m and a
resonant frequency of 70 kHz. All measurements were performed with a drive frequency of 2 kHz and
a PeakForce amplitude of 300 nm. The PeakForce was set to 1 nN. The images were recorded with a




The air permeability was measured by using a Bendtsen air permeability tester with a maximum air pres-
sure of 2.2 kPa. The paper sample was placed beneath the air performance test head having a diameter
of 3.5 cm, and the air permeability was measured at minimum ﬁve independent spots.
Brookfield viscosimetry
The Brookﬁeld viscometer LVDV-II+ was used in combination with spindle DIN-87, LV3 and LV4 in order
to determine the viscosity. The correct spindle has to be selected depending on the viscosity of the test
sample. The ﬂuid is ﬁlled in the tempered container (25°C) and the spindle is immersed in the liquid up
to the groove of the spindle. The ﬂuid is tempered for 15 min and the measurement is started with small
rpm. The viscosity was taken after 10 s and then the spindle speed was increased.
Contact angle measurement
Static contact angles were measured via the sessile-drop method using a DataPhysics Contact angle OCA
35 instrument and 4 µl droplets of deionized water. The resulting contact angle was measured after 5 s.
A silicone droplets (4 µl) were applied by using an Eppendorf pipette. The contact angles measurements
were performed under controlled climate conditions at 23 ± 1 °C and 50 ± 2% relative humidity. Mini-
mum ﬁve contact angles were measured in order to calculate the mean value.
Drying balance
Concentration of a solution was checked by using the drying balance (Sartorius MA45). Speciﬁc volume
(1 ml) or weight (1 g) was applied on the aluminium shell and the drying process was started. The dry-
ing balance was heated to 100 °C until complete solvent was evaporated and the weight stayed constant.
The concentration of the solution was calculated with the ﬁnal weight of the residue.
Fluorescence microscopy
Fluorescence was recorded using a Olympus BX60 microscope, equipped with a mercury arc lamp. Flu-
orescent micrographs were captured using an Olympus XM10 camera and appropriate excitation and
emission ﬁlters. Data acquisition was performed by using an Olympus AnalySIS software. Image anal-
ysis was performed using ImageJ software. Confocal laser scanning microscopy was performed using a
LEICA TCS SP8 (Leica Microsystems) equipped with an HC PL FLUOTAR 10x/0.30 NA dry objective. The
sample was either excited at λex = 488 nm for FITC or at λex = 552 nm for rhodamine B. The detector
was adjusted to 500 – 550 nm for the ﬂuorescence of FITC or to 570 - 650 nm for the ﬂuorescence of
rhodamine B.
Mercury porosimetry
The mercury intrusion experiments were either performed on a Micrometrics Autopore IV 9500 at the
PMV (Papierfabrikation und Mechanische Verfahrenstechnik), TU Darmstadt or on a mercury porosime-
ter Porotec Pascal 140/440 (Thermo Fisher) in the research group of Prof. Schneider, TU Darmstadt. In
brief, the paper samples were weighed and rolled into the penetrometer. The mercury intrusion volume
was measured at low and high mercury pressure and used for the determination of the median pore
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diameter and the porosity.
Nuclear Magnetic Resonance (NMR) spectroscopy
NMR spectra were recorded in deuterated solvents on a AC300 Avance II or AR300 Avance III spectrom-
eter at 25°C by the NMR department of the TU Darmstadt. Analyte concentrations were adjusted to
15 mg/mL for 1H-NMR spectra and 30 mg/mL for 13C-NMR spectra using either AC300 Avance II or ARX300
Avance III spectrometer at 25°C. Data analysis was performed using MestreNova (MestreLab Research
S.L.).
Scanning electron microscopy (SEM) and EDX-mapping
Paper samples were sputtered with a Cressington 208HR Sputter Coater prior to SEM analysis by a con-
ductive layer of platinum (80%) and palladium (20%) with a layer thickness of approximately 12 nm.
SEM images were obtained on a Philips HREM XL 30 FEG XL Series which is equipped with a secondary
electron (SE) detector and a x-ray detector. The electron beam was adjusted to 12 kV and a spot size of 3.
Si-EDX-mapping measurements were recorded in order to determine the silicone distribution. Radiation
of Kα from silicium was selected, and the image was averaged by 16 scans with a resolution of 256 x
200. Dwell time was set to 1000 µs and counts per second were adjusted to at least 900 by changing the
spot size.
UV-Vis Spectroscopy
UV-Vis absorption spectra were recorded on a Varian Cary60 UV-Vis in a range of 200 – 800 nm. The
base line of the pure solvent was subtracted from the corresponding spectra. Absorption measurements
were performed in quartz cuvettes with a thickness of 10 mm at room temperature.
White light interferometry
Surface roughness was analyzed with a Zygo NewView 6k by using a 10x Mirau objective. Paper samples
were sputtered by a 50 nm gold layer prior to measurement. A 150 µm scan length was selected in order
to collect the topographical image.
9.3 Paper samples
Paper samples were kindly provided by Sappi Alfeld GmbH with a size of 210 x 297 mm (DIN A4). Porous
base papers L40 and L90 are one-side machine-glazed and not calendered. The ﬁbers were lightly reﬁned
to 30 °SR prior to sheet formation. Additionally, they are surface sized by different sizing agents. The
top side of S98 is clay-coated and calendered. Papers to the name of DN135 have a double amount of
clay-coating compared to S98 and they are calendered in case of DNC135. Overview of selected papers
are shown in Table 12.
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Table 12: Overview of selected papers.
Abbreviation Grammage / g/m² Info
L40 40 AKD-sized, one-side machine-glazed, not calendered
L90 90 Resin-sized, one-side machine-glazed, not calendered
S98 98 CCK topside coating, calendered
DN135 135 Double amount of clay compared to S98, not calendered
DNC135 135 Double amount of clay compared to S98, calendered
9.4 Coating methods for silicones
9.4.1 Solvent-free silicone
Solvent-free silicone was used from Wacker and mixed as recommended by the manufacturer. In detail,
the base polymer with vinyl groups (Dehesive 920), the crosslinker with silane groups (V24) and the
catalyst (Cat. C05) were mixed in a ratio of 10:0.26:2.2. The catalyst C05 is a mixture of Dehesive 920
base polymer and the catalyst with a platinum content of 0.115 %. First, crosslinker (V24) was added to
the Dehesive 920 in a beaker on the balance. After vigorous stirring, the catalyst (C05) was added and
again stirred prior to transfer to the storage pan of the roller coater.
9.4.2 Water-based silicone
Water-based silicone emulsion from Dow was mixed as recommended by the manufacturer. The base
polymer (Dow 7920) was mixed with the catalyst (Dow 7922) in a ratio of 90 : 10.
9.5 Surface coating via a roller coater
Surface coating of water-based polymer solutions and silicone was performed by using different roller
materials and coating setups of the Sumet roller coater. A minimum ﬁll height of the storage pan was
necessary so that the roller was in contact with the solution. In particular, a minimum volume of 50 ml
was needed for the 3-roller system and 80 ml for the bigger storage pan of the ﬁlm press setup. Usually
the paper was clamped at the front of the sample carrier for the coating process. Unfortunately, this
led to an incomplete coating of the paper surface. Thus, a setup was developed to ﬁx the paper on the
surface of the sample carrier by adhesive tape, which resulted in a complete surface coating of the DIN
A4 paper (Figure 104). A cardboard was ﬁxed to the sample carrier and a hole with the size of a DIN A4
paper was cutted in the middle of the cardboard. The sample carrier protects the cardboard from silicone
contamination and allows ﬁxations of the paper by adhesive tape for complete coating. Minimum three
papers were coated for each test series.
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Figure 104: Sample carrier with a cardboard for protection against silicone contaminations (A) and
for ﬁxation of a DIN A4 paper to get complete coating (B).
9.5.1 3-Roller-system
The 3-roller system, equipped with a roller material composed of rubber and stainless steel, was used for
silicone coatings. The roller pressure between dosing and applicator roll was varied from 30 to 200 N
and the speed was changed from 2 to 8 m/min. The 3-roller system composed of stainless steel roller was
used in order to obtain low silicone coat weights (1 g/m²). The dosing roll is driven by the applicator
roll and both rollers having the same speed. The pressure of the pressure roll, which pushes the sample
carrier with the paper on the applicator roll, was held constant at 800 N if not other denoted. The
silicone coating was ﬁrst cured by an IR-dryer (100 %) after the sample carrier is passed through the
roller and then kept constant for 1 min at 150 °C by air dryer. Both types of silicone were dried under
these conditions. If water-based coatings were applied to the paper, the stainless steel rollers have to be
puriﬁed by HCl (12%) prior to coating in order to remove residual silicone contamination. Water-based
solutions (7 wt%) and HPC C18 DS3 dispersions were applied on the paper at a minimum roller pressure
of 30 N and 2 m/min by using stainless steel rollers. A roller pressure below 30 N led to inhomogeneous
coatings because the dosing roll and applicator roll were not constantly in contact. Coating of water-
based solutions were dried for 30 s at 60 °C. A detailed overview about the coating setup is given in the
methods section in ﬁgure 18.
9.5.2 Film press setup
The inﬂuence of coating parameters on silicone coat weight was studied by using the ﬁlm press setup.
For this purpose, metering bars with different groove sizes (0 µm, 10 µm, 20 µm, 30 µm) were used.
The coating speed was varied from 10 - 35 m/min and the pressure of the metering bar to the applicator
roll was changed from 40 - 110 N. Silicone coating was cured by an IR-dryer (100 %) after the sample
carrier passed the roller and then kept for 1 min at 150 °C by air dryer. The pressure of the pressure roll
stayed constant at 800 N. A detailed overview about the coating setup is given in the methods section in
ﬁgure 19.
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9.5.3 Blade coating procedure
Water-based polymer solutions (7 wt%), aqueous dispersions of HPC C18 DS3 (7 wt%) and HPC esters
dissolved in THF were applied onto paper substrates by using the blade coater (BYK Film Applicator)
with blade gap sizes of 50 µm, 100 µm and 150 µm (Figure 105). The polymer solution (2 mL) was
ﬁlled in the blade with a syringe and then the blade moved with a constant speed of 50 mm/s along the
paper so that the solution spreads over the substrate. Coatings of water-based solution were dried for
2 min at 60 °C in oven. Water-based silicone emulsion and silicone/talcum-mixtures were cured for
1 min at 110 °C. Coatings of esteriﬁed HPC with glyoxal were dried at 150 °C
Figure 105: Blade coater (left) and traverse of blade ﬁlled with stained PVA solution (right).
9.6 Determination of coat weight
In order to determine the coat weight, papers were stored in a climate-controlled room over night (23 ±
1 °C, 50 ± 2 % r. H.) and weighed before and after each coating step. The silicone mass was determined
by using an analytical balance (Sartorius CPA324S). Coat weight is deﬁned as the mass of coating (g)
per surface area (m²). Minimum three papers were weighed for each test series and used in order to
determine the coat weight.
9.7 Sample preparation for SEM cross sections
A paper stripe (3 mm width) was cut from the paper sample and freezed in liquid nitrogen for 1 min.
After this time, the paper was broken in the liquid nitrogen by using two tweezers and the sample was
stuck to the carbon tape on the SEM holder.
9.8 Staining of HPC C18 DS3 with rhodamine B
A stock solution of rhodamine B (1 mg) in THF (20 ml) was prepared. The HPC C18 DS3 was dissolved
in THF (20 ml, 10 wt%) and rhodamine B solution (500 µl) was added.
9.9 Swelling experiments
For the investigation of the swelling behavior, 1 ml of a 7wt% solution of HPC or HPC C18 DS3 in THF
were transferred in a weighted glass dish and the respective amount of crosslinker was added. The
40wt% glyoxal solution was diluted to 1% for better handling. The solvent was removed under reduced
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pressure (800 mbar) and the crosslinking was performed at 150°C at different times. The mixture was
cooled, the sample mass in dry state was determined and the swelling agent was added. In case of
HPC, water was added and THF was used for swelling experiments of HPC C18 DS3. After 30 min, the
swelling agent was decanted and a ﬁlter paper was used to remove residual liquid. The mass in swollen
state was determined and the swelling ratio was calculated.
9.10 Measuring release forces and rub-off test
The release forces of an adhesive were measured from a siliconized paper according to FINAT 10 in an
angle of 180°.[97] The siliconized paper was cut into ﬁve strips (27 mm x 175 mm) for measurement of
the release forces. Acrylic tape (Tesa 7475, 25 mm x 35 mm) was applied on the release liner strips by a
standardized FINAT pressure roll. Double-sided sticky tape (Tesaﬁx 4965, 25 mm x 175 mm) was ﬁxed
to the non-coated backside of the paper strips, and the samples were stored between two ﬂat glass plates
under a pressure of 70 g/cm² for 20 h. After this time, the paper strips were transferred to the climate
room (23 ± 1 °C, 50 ± 2% r. H.) for 4 h. Paper strips were stuck to the metal plate by double-sided
adhesive tape and then ﬁxed to the Zwick setup. The protruding site of the adhesive tape was ﬁxed to
the clamp. The release forces were measured by a Zwick Z 1.0 equipped with a Xforce HP 20 N load cell
in an angle of 180° and a constant speed of 300 mm/min (Figure 106). Stability of silicone anchorage on
the paper was qualitatively checked by rubbing a ﬁnger over the siliconized paper according to common
procedures in industry. The rub-off was judged as good, if no silicone was removed from the paper (no
rub-off).
Figure 106: Adhesive tape is removed from the release liner in an angle of 180° according to FINAT
10. View from the front (left) and from the side (right).
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9.11 Syntheses
The following protocols of the synthesis of the HPC-esters have been developed in a parallel thesis by
M.Sc. M. Nau and have been recently published.[54]
9.11.1 Synthesis of FITC-PVA
A solution of FITC (100 mg, 0.257 mmol, 2.25 eq.) in dry DMSO (20 ml) was added to a solution of
PVA 88% (5.00 g, 0.114 mol, 1 eq.) in dry DMSO (300 ml) and stirred at room temperature for 19 h
over argon atmosphere. The solution was precipitated in isopropanol (1.2 L) and centrifuged (5 min,
4500 rpm). The polymer was dissolved in water (60 ml) at 70 °C and precipitated in isopropanol (1.2 L).
The residue was centrifuged, ﬁltrated and again dissolved in water (60 ml) at 70 °C. This procedure was
repeated three times, until no ﬂuorescence was detected in the precipitation agent on the TLC-plate.
The solid was freeze–dried and the product was obtained as a yellow, ﬂuffy solid (3.41 g, 0.077 mol). In
order to determine the FITC concentration, modiﬁed PVA was dissolved in borax buffer (c = 0.05 mol/L;
pH = 9). The solution was used to ﬁll in a quartz cuvette with 10 mm thickness, and a UV/Vis spectrum
of the solution (c = 10-4 M) was recorded from 200 – 800 nm. The FITC concentration was calculated
according to the Lambert-Beer law by using the extinction coefﬁcient at λex = 495 nm.
9.11.2 Synthesis of HPC C18 with DS 2.5
Esteriﬁcation of HPC with stearic acid chloride was done according to the procedure described in litera-
ture.[54] HPC was dried over night in an oven at 60 °C under vacuum. The following procedure describes
the synthesis of HPC C18 with DS of 2.5. Dried HPC (10.0 g, 20.6 mmol, 1 eq.) was dissolved in THF
(225 ml) over night to give a 5 wt% solution. A solution of stearic acid chloride (40.6 g, 134 mmol,
6.5 eq.) in THF (200 ml) was added dropwise to the HPC solution. The mixture was then heated to
83 °C and the formed hydrochloric acid was removed by sodium hydroxide solution in a gas washing bot-
tle. The reaction was ﬁnished after 5 h by addition of ethanol (30 ml). The solution was precipitated in
methanol (1.5 L) and the precipitation agent was decanted. The residue was dissolved in THF (200 ml)
and the product was puriﬁed by inverse-precipitation with methanol (500 ml). After third puriﬁcation
step, the viscous solid was transferred into a crystallizing dish and dried in oven at 70 °C over night.
Liquid nitrogen was added to the crystallizing dish and the crushed product was isolated (13.6 g). The
product was analyzed by 1H-NMR (Figure 107).
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Figure 107: 1H-NMR of HPC esteriﬁed with stearic acid chloride in CDCl3.
9.12 Preparation of water-based dispersion of HPC C18 DS 3
Fully esteriﬁed HPC with stearic acid chloride (DS 3) was kindly provided by a colleague of the Macro-
molecular Chemistry and Paper Chemistry research group. HPC C18 DS 3 (5.00 g) was dissolved in THF
(500 ml) to get a 1 wt% solution. The solution was precipitated dropwise in a 5 L beaker comprising a
mixture of IPA/H2O (90 : 10; 3 L) at a stirring speed of 400 rpm. Then, 100 µL of a solution of CaCl2
(0.5 g) in water (20 ml) was added to the suspension to induce ﬂocculation. The precipitation agent was
decanted and the solid was ﬁltrated and washed by water (3 x 50 ml). The wet solid was transferred to
a ﬂask and a mixture of water (50 ml) and surfactant (Tween 20, 90 µL) was added to get a 5wt% stable
suspension. The concentration was checked by the drying balance.
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Appendix
Analysis of base papers by SEM
Figure 108: SEM images (topview) of L90 at different magniﬁcations.
SEM images of different sorts of talc
Figure 109: SEM images of talcum T1 CA having a particle size ranging from 4-12 µm.
132
SEM images (topview) of pre-coated base papers
Figure 110: SEM images (topview) of L90 coated by 2.2 g/m² PVA99% (left) and 2.1 g/m² MC (right).
The papers were coated three times by roller coater at same coating conditions (30 N, 2 m/min)
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